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ABSTRACT:

Kozłowski, W. 2020. Marine snow and epipelagic suspensoids in the Reda carbonates and a pronounced 
mid-Ludfordian (Silurian) CIE in the axis of the Baltic Basin (Poland). Acta Geologica Polonica, 70 (4), 
529–567. Warszawa.

The mid-Ludfordian pronounced, positive carbon isotope excursion (CIE), coincident with the Lau/kozlowskii 
extinction event, has been widely studied so far in shallow-water, carbonate successions, whereas its deep-water 
record remains insufficiently known. The aim of this research is to reconstruct the sedimentary environments 
and the palaeoredox conditions in the axial part of the Baltic-Podolian Basin during the event. For these pur-
poses, the Pasłęk IG-1 core section has been examined using microfacies analysis, framboid pyrite diameter 
and carbon isotope measurements. The prelude to the event records an increased influx of detrital dolomite in-
terpreted as eolian dust, coupled with a pronounced decrease in the diameter of the pyrite framboids, indicating 
persistent euxinic conditions across the event. The event climax is recorded as the Reda Member and consists 
of calcisiltites, composed of calcite microcrystals (‘sparoids’), which are interpreted as suspensoids induced by 
phytoplankton blooms in the hipersaturation conditions present in the epipelagic layer of the basin. Both the 
prelude and climax facies show lamination, interpreted as having resulted from periodical settling of marine 
snow, combined with hydraulic sorting within a ‘benthic flocculent layer’, which additionally may be respon-
sible for a low organic matter preservation rate due to methanogenic decomposition. Contrary to the observed 
basinward CIE decline in the benthic carbonates in the basin, the Reda Member records an extremely positive 
CIE (up to 8.25‰). Given the pelagic origin of the sparoids, the CIE seems to record surface-water carbon 
isotope ratios. This points to a large carbon isotope gradient and kinetic fractionation between surface and bot-
tom waters during the mid-Ludfordian event in a strongly stratified basin. The Reda facies-isotope anomaly is 
regarded as undoubtedly globally triggered, but amplified by the stratified and euxinic conditions in the partly 
isolated, Baltic-Podolian basin. Hence, the common interpretation of the basin record as representative for the 
global ocean needs to be treated with great caution.

Key words: Pelagic carbonates;  Sparoids;  Marine snow; Algal blooms; Eolian dust;  Carbonate 
supersaturation; Euxinia;  Baltic Basin; Reda Member,  Ludlow; Silurian.

INTRODUCTION

The mid-Ludfordian contains a globally recorded, 
facies-geochemical event, coinciding with the Lau 
conodont (Jeppsson and Aldridge 2000) and kozlow

skii graptolite (Koren 1993, Urbanek 1993) extinc-
tions (summarized in Calner 2008; Jeppsson et al. 
2012; Munnecke et al. 2010). One of the most con-
spicuous features of this event is the pronounced pos-
itive mid-Ludfordian carbon isotope excursion (CIE), 
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globally recorded in the carbonate successions of low 
and middle palaeolatitudes (e.g. Frýda and Manda 
2013; Jeppsson et al. 2012; Spiridonov et al. 2017; 
Younes et al. 2017 and references therein). The sed-
imentary record of the event closely resembles other 
CIE-related early Palaeozoic perturbations (sum-
marized in fig. 6 in Munnecke et al. 2003), which 
probably represent the repercussions of short-lived 
glaciations in low-palaeolatitudes (see discussion in 
Cherns and Wheeley 2009; Kaljo et al. 1996; Kaljo et 
al. 2003). According to Munnecke et al. (2003), typi-
cal sedimentary features of these CIE-related events 
observed in shallow-water tropical shelf successions 
include: (1) proliferation of carbonate platforms, par-
ticularly through the intensification of microbial-bio-
chemical and (quasi-) chemogenic carbonate precip-
itation; (2) a sequence boundary near the base of the 
event; (3) abundant terrigenous silt admixture, often 
interpreted as being of eolian origin (e.g. Kozłowski 
and Sobień 2012; Samtleben et al. 2000); (4) coin-
cident low diversity of plankton communities and 
minor extinctions; and (5) short duration (low relative 
thickness). Munnecke et al. (2003) have noticed also 
that the events are not coeval with the deposition 
of anoxic sediments sensu organic matter (OM) ac-
cumulations in deep shelf environments, which, in 
turn, is observed below and above the event interval. 
Loydell (2007) complemented the list by basinward 
decline of the CIE amplitude; however, CIEs with 
a minor amplitude are recorded in organic matter 
(OM) carriers also in deep shelf (Noble et al. 2012) 
and oceanic settings (Melchin and Holmden 2006a; 
Underwood et al. 1997). The maximum amplitude 
of CIEs, especially during the mid-Ludfordian CIE, 
which is extreme in amplitude (up to +12), seems to 
be locally amplified by isotope fractionations in car-
bonate-bearing epeiric seas with limited circulation 
(Holmden et al. 2012; Kozłowski 2015; Kozłowski 
and Sobień 2012). Despite a similar scenario of the 
early Palaeozoic events and a general consensus on 
their glacial trigger, the nature and origin of CIEs is 
still the subject of debate (summarized and discussed 
in Calner 2008; Ghienne et al. 2014; Kozłowski 
2015; Loydell 2007; Melchin and Holmden 2006a; 
Munnecke et al. 2010; Munnecke et al. 2003; Noble 
et al. 2012).

The late Silurian, Caledonian (Tornquist branch) 
foreland of the East European Craton, extending 
from Scania in Sweden to Podolia in the Ukraine 
(Central Europe; Text-fig. 1), is one of the type areas 
of the Lau/kozlowskii event, intensively studied in re-
cent years (Eriksson and Calner 2008; Jeppsson et al. 
2012; Jeppsson et al. 2007; Kaljo et al. 2015; Kaljo et 

al. 2007; Kozłowski 2015; Kozłowski and Munnecke 
2010; Kozłowski and Sobień 2012; Martma et al. 
2010; Spiridonov et al. 2017; Younes et al. 2017). 
The record of the Lau/kozlowskii event in the Baltic-
Podolian Basin is well recognised in its littoral part 
with an extended carbonate platform. In the most 
proximal parts, sea-level fall caused a hiatus due to 
emersion (Eriksson and Calner 2008; Kaljo et al. 
2015; Kaljo et al. 1997; Kozłowski and Munnecke 
2010), whereas facies shift resulted in extensive car-
bonate (e.g. Martma et al. 2010) and/or clastic-car-
bonate (Eriksson and Calner 2008; Kozłowski and 
Munnecke 2010) shallow-water sedimentation in a 
more distal ramp setting (Text-fig. 1).

The record of the event in deep-water settings of 
the basin is poorly recognized. In the offshore pa-
laeobasin in the subsurface area of Poland, the event 
interval is marked by a distinct negative, natural 
gamma-ray anomaly (Topulos 1976; Topulos 1977), 
used by Tomczyk (e.g. 1970) for tracking the ‘middle 
Siedlce’ horizon, referred to the Neocucullograptus–
Formosograptus graptolite interregnum (with the 
base coeval with the kozlowskii event of (Urbanek 
1993). Kozłowski and Sobień (2012) have shown that 
the ‘middle Siedlce’ geophysical marker in a peri-
platform setting (Mielnik IG-1 borehole section, no. 
14 in Text-fig. 1), corresponds to a distinct facies 
anomaly, coeval with the mid-Ludfordian CIE. The 
anomaly is expressed by a mass admixture of calcite, 
dolomite and quartz silt forming a peculiar lime-
stone-marl horizon, referred in northern Poland to 
the Reda Member (Modliński et al. 2006; Porębski 
and Podhalańska 2019).

The Reda Member in the periplatform setting of 
the Mielnik IG-1 borehole section contains abundant 
detrital silt (quartz, dolomite), which was interpreted 
as eolian-derived (Kozłowski 2015; Kozłowski and 
Sobień 2012). The mass appearance of minute euhe-
dral calcite crystals was taken as massive carbonate 
precipitation in the water-column (whitings) caused 
by carbonate hypersaturation conditions (Kozłowski 
2015). The anomalous facies in the Mielnik IG-1 bore-
hole section records a moderate-high CIE amplitude 
in bulk rock samples (+6.74‰), resulting from the 
mixing of epipelagic calcite with δ13C values ~10‰, 
suppressed by admixture of eolian dolomite with low 
(~0‰) δ13C values (Kozłowski 2015). Despite the 
lack of OM accumulation, synchronous pronounced 
changes in the diameter of pyrite framboids in the 
carbonate horizon indicate the development of eux-
inic conditions in the water column (Kozłowski 2015), 
which was confirmed later by geochemical proxies 
from other parts of the basin (Bowman et al. 2019).
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Text-fig. 1. Location of the Pasłęk IG-1 borehole section (arrowed) against Silurian palaeogeography and facies distribution (based on Bassett 
et al. 1989) during the mid-Ludfordian regression on the SW margin of the East European Craton. The isopachs (red lines) illustrate the thick-
ness of the rocks occurring between the mid-Homerian (Mulde) and mid-Ludfordian (Lau) reference geophysical anomalies. Selected Silurian 
sections: 1 – Ohessaare-1; 2 – Ventspils-D3; 3 – Pavilosta-1; 4 – Priekule-1; 5 – Gotland; 6 – Skåne; 7 – Vidukle-61; 8 – Milaičiai-103; 9 – 
Vilkaviškis-134; 10 – Gołdap IG-1; 11 – Bartoszyce IG-1; 12 – Pasłęk IG-1; 13 – Lębork IG-1; 14 – Mielnik IG-1; 15 – Rzepin (Holy Cross 

Mts.); 16 – Syczyn OU-1; 17 – Kotiuzhyny-1; 18 – Zvanets (Podolia).
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The Reda Member gamma-ray anomaly seems 
to be palaeobathymetrically independent and may 
be tracked basinward, to the clay-dominated, basinal 
facies zone (Kozłowski and Sobień 2012; Porębski 
and Podhalańska 2019; Porębski et al. 2013; Topulos 
1977). These observations suggest the pan-basinal 
extent of the massive epipelagic calcite precipitation 
and eolian dolomite admixture, extending also in the 
distal and strictly pelagic realm.

Based on this statement, the aim of this study is 
to investigate the facies-geochemical record of the 
Reda anomaly (Lau/kozlowskii event) in the maxi-
mally offshore – deep water part of the Baltic Basin, 
particularly in terms of: (I) comparing the facies de-
velopment between the periplatform (Mielnik IG-1 
borehole section) and strictly pelagic settings; (II) 
reconstructing the sedimentary conditions and pro-
cesses leading to the formation of unusual pelagic 
carbonates; (III) understanding the time relation be-
tween the facies anomaly and the development of eu-
xinic conditions in the deepest part of the basin; and 
(IV) determining the amplitude of the carbon isotope 
excursion in context of its lateral and paleobathy-
metric variation. For these aims, the Reda Member 
succession from the basin axis, represented by the 
Pasłęk IG-1 borehole section in northern Poland 
(Text-fig. 1), has been studied in terms of sedimentol-
ogy (microfacies), the carbon and oxygen stable iso-
tope record and the record of redox conditions based 
on the distribution of pyrite framboid diameters.

GEOLOGICAL AND PALAEOGEOGRAPHIC 
SETTING

The Ediacaran to lower Palaeozoic succession of 
NE Poland forms the lower part of the sedimentary 
cover of the East European Craton, which comprised 
the Baltica sector of the Laurussia palaeocontinent in 
the middle Palaeozoic. During the late Silurian, the 
area was located in the tropics (Cocks and Torsvik 
2005), which resulted in the presence of the carbonate-
bearing successions of palaeolittoral areas. The belt of 
shallow-water carbonate platforms can be traced from 
Gotland island (Sweden) in the north, to Besarabia 
(Romania and Moldova) in the south (Text-fig. 1). 
The more distal part of the craton margin, extending 
from NW to SE across central Poland, evolved during 
the Silurian from an epicratonic marginal shelf basin 
into the foreland basin of the southern branch of the 
Caledonian orogen (Poprawa et al. 1999), as a con-
sequence of oblique arc-continent collision with the 
Teisseyre Arc (see e.g. Kozłowski et al. 2014).

During the Ludlow, massive clastic influx from 
the newly formed Tornquist branch of the Caledonian 
orogen overfilled the proximal (SW) part of the fore-
deep (Jaworowski 1971), creating a novel littoral 
zone (n. 15 in Text-fig. 1; Kozłowski 2003) located 
opposite the main (Gotland-Estonia-Podolian) car-
bonate shelf. As a result of such palaeogeographic 
changes, the earlier open shelf basin was transformed 
into elongated epicratonic seaway. Because the Baltic 
Basin is the only northernmost, erosive remnant of 
such a paleobasin (see Text-fig. 1), it is proposed here 
to name it as the Baltic-Podolian (or Paratornquist 
analogously as Paratethys) Sea (or Basin).

It is important to note that the continuous occur-
rence of an open marine fauna across the Lau event 
in the basin (e.g. Martma et al. 2010; Spiridonov et 
al. 2017; Urbanek 1997) indicates persistent normal-
marine conditions during the mid-Ludfordian low-
stand, despite palaeogeographical restrictions. The 
most probable connection with the ocean could have 
been located in the far south-east, where still exis-
tent plate divergence is recorded by the numerous 
pyroclastic beds in the Ludlow-Přídolí succession of 
Podolia (Huff et al. 2000).

The studied section of the Pasłęk IG-1 deep bore
hole (Text-fig. 2A) is located in the Peribaltic Syneclise 
(southern Baltic Basin) in northern Poland (n. 12 in 
Text-fig. 1, arrowed). The section was selected for this 
study following a palaeogeographic, facies and thick-
ness pattern analysis. The pattern of changes in thick-
ness between the Mulde and Lau event-associated 
natural negative gamma anomalies (isopach in Text-
fig. 1), indicates that the studied section represents the 
most distal part of the foredeep clastic wedge, hence 
it is representative for the basin axis facies zone. The 
event-related carbonate marker of the Reda Member 
occurs within the Kociewie Formation (Text-fig. 2A), 
recognised as comprising flysch-like sedimentary 
rocks, deposited with the participation of turbidity 
currents (Jaworowski 1971; Jaworowski 2000) in a 
distal foredeep setting. Subsequent elements of the 
Silurian succession of the Pasłęk IG-1 borehole sec-
tion (Tomczyk 1973) are in general typical for the 
entire SW margin of the East European Craton.

The stratigraphically incomplete Llandovery suc-
cession (see Text-fig. 2A) is represented by an only 
20 m thick complex of black siliceous shales (Pasłęk 
Formation), succeeded by 230 m of dark-grey clayey 
graptolitic shales (Pelplin Formation) representing 
the Wenlock and lower Ludlow. The general lack of 
benthic fauna, abundant graptolites and scarcity of 
primary carbonates are consistent with its pelagic 
sedimentary setting and basinal palaeogeographic 
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position. The main pronounced facies anomaly within 
this interval occurs at the top of the Cyrtograptus 
lundgreni Zone (2525 m, Text-fig. 2A) with the ap-
pearance of a rich non-graptolitic fauna, carbonate 
admixture and pronounced, natural gamma-ray low. 
The anomaly, coeval with the Mulde/lundgreni event 
(Porębska et al. 2004) in the neighbouring Prabuty 
IG-1 and Olsztyn IG-2 borehole sections (incomplete 
core interval in the Pasłęk IG-1 borehole), was rec-
ognised (Zenkner and Kozłowski 2017) as an older 
facies analogue of the Reda Member (named Łyna 
Member; Text-fig. 2A).

The lower Silurian graptolitic shales are followed 
(above the Saetograptus leintwardinensis Zone 
– Tomczyk 1973) by the flysch-like Kociewie For
mation, early to middle Ludfordian in age. The for
mation in the Pasłęk IG-1 borehole section is domi
nated by the presence of fine-grained components of 
the Bouma sequence (F3–F4 facies of Jaworowski 
2000), and it is interpreted as being deposited in a 
deep-water plain, influenced by distal turbidites in 
a foreland setting (Poprawa et al. 1999). The rela-
tively lowest (in observed range) thickness for the 
Kociewie Formation in the Pasłęk IG-1 borehole sec-
tion (270 m) points to the basin-axis position of the 
profile in the general palaeobathymetric and subsi
dence pattern (Text-fig. 1).

The uppermost part of the Kociewie Formation 
in the Pasłęk IG-1 borehole section is interrupted 
by the relatively thin (20 m) carbonate-bearing Reda 
Member, consisting of laminated marlstones and 
calcisiltites (Modliński et al. 2006; Text-fig. 2A). 
Originally, Tomczyk (1970) referred this interval to 
the “Middle Siedlce Beds”, defined by him in Poland 
as beds containing a low-diversity pristiograptid 
graptolite fauna, occurring above the last appearance 
of the Bohemograptus–Neocucullograptus assem-
blage (kozlowskii extinction event of Urbanek 1993) 
and below the flourishing of the Formosograptus 
graptolite fauna assemblages.

The Reda Member is succeeded by the top-
most part of the Kociewie Formation and the clay 
dominated Puck Formation, containing an upper 
Ludfordian graptolite assemblage. Post-Silurian and 
pre-Permian erosion resulted in the lack of Přídolí 

deposits in the studied section. The basinal facies 
of the Přídolí occur further northwards towards the 
Baltic Sea area, where development of an open ma-
rine basin is documented up to the Silurian–Devonian 
boundary.

MATERIAL AND METHODS

Almost 100% of the Pasłęk IG-1 borehole was 
cored (see Text-fig. 3B). The archival material in the 
studied interval is almost complete. Section measur-
ing was performed in the drill core storage. The mac-
rofacies determination was carried out by compari-
son with a reference sample palette, prepared from 
samples representative for the macrofacies spec-
trum observed during a preliminary core overview. 
The macrofacies were determined in constant span 
points, with a resolution of 0.1 m (0.05 m in the Reda 
Member interval). The codified macrofacies record 
was subsequently processed in Excel software and 
exported as graphic logs (Text-fig. 3A, B). Graptolites 
observed during the analysis were photographed and 
used for updating of the existing archival biostrati-
graphic data (Tomczyk 1973; Text-figs 2A, C; 3A).

Microfacies analysis was performed on a set 
of 90 uncovered, finely polished, and additionally 
thinned (10–20 µm) thin sections, stained (etched) 
in Dickson’s solution. The solution produces a pink 
to red stain on the calcite surface, with saturation 
and hue depending on crystal size, orientation and 
presence of chemical impurities (especially iron ad-
mixture). The dolomite remains unstained. The ob-
servations were performed in transmitted, as well 
as combined 40% transmitted and 60% reflected 
light in NikonEclipse LV100POL with 2×-60× Plan 
Fluor lens and LUCIA software with parallel exam-
ination of thin sections and raw rock fragments in 
an SEM-backscatter with EDS in the Microanalysis 
Laboratory of the Faculty of Geology, University of 
Warsaw. The semi-quantitative mineral composition 
of 58 bulk rock samples across the studied inter-
val was determined using XRD analysis (standard 
Bragg-Brentano method) in the XRD Laboratory of 
the Faculty of Geology, University of Warsaw.

Text-fig. 3. Detailed logs of the mid-Ludfordian CIE interval in the Pasłęk IG-1 borehole section: A – graptolite ranges; B – lithological log; 
scales: depth in metres; succeeding core intervals with archival box numbers (from-to); rectangles – archival boxes, red colour – lack of core; 
C – bulk carbonate carbon isotope data, colours of circles indicate facies affiliation of the analysed sample; D – bulk carbonate oxygen isotope 
data recalculated according to Rosenbaum and Sheppard (1986) for dolomite admixture (using semi-quantitative XRD data); E – box-and-
whisker plots of pyrite framboid sizes, 5 and 10 μm size limits marked by black vertical lines; red solid lines showing the pyrite content [‰]; 
F – natural gamma log; G – magnetic susceptibility log; H – vertical changes in the mineralogical composition (semi quantitative XRD data) 
of the samples subdivided into “pelagic” (left scale) and “detrital” (right scale) components, dotted black line shows vertical changes in the 

contribution of dolomite in the terrigenous silt [dolomite/(dol + Q + F ratio)].

→
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Statistical counting and measurement of pyrite 
framboids were performed on the scaled SEM-
backscatter images of thin sections using LUCIA 
software, with a precision greater than 0.1 μm. The 
measurements and counting were performed only 
for well-preserved, well-shaped and non-aggregate 
framboids. Euhedral, shapeless or aggregated pyrites 
(all categories rarely observed), were rejected from 
the measurement procedure. The diameters of fram-
boidal pyrites were measured along serial parallel 
scanning sectors (150 μm width), perpendicular to 
lamination, across each thin-section until a size pop-
ulation of more than 300 framboids was achieved, 
or to the end of the measurement sector (resulting 
in >300 populations). The measured apparent diam-
eters of pyrite framboids are smaller than the true 
values, but the deviation is less than 10% (Wilkin et 
al. 1996; Wignall and Newton 1998). The minimal, 

mean and maximum diameter; the standard deviation 
of diameters, the percentage of pyrite framboids with 
diameter ≥10 μm and pyrite content [‰] in samples 
were calculated from the measured framboidal pyrite 
population in each sample and the known size of the 
investigated area. The analytical results are listed in 
Table 1. The data have been presented (Text-fig. 3E) 
in the form of standard box and whisker plots pro-
posed by Wignall and Newton (1998).

δ13C and δ18O values were measured in 107 bulk 
rock samples in the Stable Isotope Laboratory of the 
Polish Academy of Sciences in Warsaw. Each pow-
dered sample was treated with 104% orthophosphoric 
acid at 70°C in a Thermo Kiel IV preparation system 
and analysed in a conjunct Thermo-Finnigan Delta 
Plus mass spectrometer in a Dual Inlet system. The 
values are reported in the conventional delta notation in 
per mil with respect to the Vienna Pee Dee Belemnite 

sample depth

examined
area
(sq. mm) N

pyrite
content
[%] min max mean 1Q 3Q

median
(2Q) SD

skew-
-ness

grains
under

5 m
[%]

�
interpreted
paleoredox
conditions

pyrite
type

Ps1107g 2140.3 1.28 294 1.14 2.29 31.45 7.96 5.35 6.66 9.01 4.28 1.99 21 D upper dysoxic

Ps1115s 2148.5 1.00 340 3.08 2.17 71.99 10.72 5.06 8.34 14.60 8.19 2.67 25 D upper dysoxic

Ps1120d 2153.7 1.14 309 0.53 2.23 24.12 5.00 3.68 4.41 5.55 2.29 3.47 67 B lower dysoxic

Ps1122d 2155.4 0.85 311 1.06 1.77 23.99 6.10 4.13 5.14 7.07 3.32 2.18 45 C middle dysoxic

Ps1126d 2159.7 0.85 301 0.96 1.68 25.44 5.89 4.24 5.16 6.79 2.95 2.52 48 C middle dysoxic

Ps1135s 2167.6 1.00 303 0.85 1.67 21.70 5.96 3.65 4.66 7.13 3.82 1.89 58 C middle dysoxic

Ps1137s 2168.9 1.85 326 0.28 1.45 25.15 4.50 2.86 4.01 5.47 2.46 2.98 71 B lower dysoxic

Ps1141d 2174.2 0.57 301 0.59 1.45 12.36 3.78 2.77 3.58 4.50 1.36 1.33 82 A2 temporary euxinic

Ps1143d 2176.1 0.85 302 0.37 1.79 9.16 3.66 2.93 3.45 4.31 1.09 1.08 89 A1 euxinic

Ps1146s up 2178.4 0.71 333 0.56 1.46 12.08 3.90 2.81 3.54 4.63 1.57 1.49 81 A2 temporary eux.

Ps1146s low 2178.4 3.27 345 0.35 1.53 20.12 6.48 3.74 5.48 7.92 3.46 1.19 45 C middle dysoxic

Ps1146d 2178.9 1.14 327 0.28 1.29 11.21 3.50 2.44 3.06 4.13 1.60 1.76 85 A1 euxinic

Ps1148d 2180.7 1.28 305 0.18 1.26 8.13 3.14 2.40 2.90 3.61 1.12 1.40 93 A1 euxinic

Ps1150d 2182.7 1.00 303 0.26 1.41 6.78 3.30 2.48 3.12 3.96 1.05 0.72 92 A1 euxinic

Ps1151d 2183.7 1.14 302 0.27 1.47 9.66 3.63 2.64 3.33 4.42 1.33 1.14 83 A1 euxinic

Ps1152d 2184.7 1.14 350 0.28 1.36 9.76 3.39 2.40 3.15 4.16 1.32 1.07 89 A1 euxinic

Ps1153d 2185.7 0.71 356 0.58 1.47 8.81 3.83 2.93 3.57 4.51 1.24 0.90 83 A1 euxinic

Ps1154_20 2186.2 0.57 305 0.61 1.57 9.97 3.79 2.77 3.56 4.51 1.32 1.33 83 A1 euxinic

Ps1155_60 2187.6 0.57 326 0.57 1.47 7.37 3.55 2.70 3.43 4.19 1.17 0.84 89 A1 euxinic

Ps1159_20 2191.2 1.00 323 0.42 1.41 13.25 4.08 2.97 3.83 4.84 1.50 1.50 77 A2 temporary euxinic

Ps1161m 2193.5 1.00 390 0.54 1.36 11.03 4.20 3.19 4.02 5.06 1.43 0.99 73 A2 temporary euxinic

Ps1169_15 2201.9 1.28 309 0.47 1.76 18.43 4.97 3.56 4.64 5.74 2.04 1.89 60 B lower dysoxic

Ps1175_80 2208.5 1.71 311 0.40 1.72 19.28 5.29 3.74 4.93 6.32 2.25 2.24 51 B lower dysoxic

Ps1185_20 2217.9 1.42 314 0.50 1.96 26.49 5.40 3.87 5.14 6.37 2.31 3.35 46 B lower dysoxic

Ps1196g 2227.9 2.28 320 0.80 1.91 39.83 8.51 5.51 7.34 9.99 4.96 1.98 22 D upper dysoxic

Ps1205s 2235.9 1.71 306 0.32 1.34 26.35 4.75 3.46 4.40 5.45 2.30 3.87 65 B lower dysoxic
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Table 1. Size statistics of pyrite framboids in the mid-Ludfordian Reda Member and adjacent deposits of the Pasłęk IG-1 borehole section, with 
interpretation of the palaeoredox conditions.
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(VPDB) by assigning a δ13C and δ18O values +1.95‰ 
and -2.20‰ to NBS19. The δ18O values of samples 
were corrected using the phosphoric acid fractionation 
factor given by Rosenbaum and Sheppard (1986), pro-
portionally to the dolomite/calcite ratio obtained with 
XRD. Reproducibility for the isotopic analysis (1σ) af-
ter 10 successive measurements of the NBS19 standard 
was ±0.03‰ for δ13C and ±0.07‰ for δ18O. The results 
are compiled in the Table 2.

Carbon and oxygen isotopes were examined only 
in bulk rock samples. Mechanical separation of the 
dolomite component for the isotope analysis (see 
Kozłowski 2015) was not possible due to its relative 
low content and very small grain size. For the pur-
poses of estimation of the influence of mineralogical 
carbonate composition on the bulk carbonate isotope 
ratios, adjacent samples with contrasting calcite/do-
lomite ratios (obtained from semi-quantitative XRD) 

Table 2. Bulk rock stable carbon and oxygen isotopes and semi-quantitative XRD carbonate composition of the Ludfordian rocks in the Pasłęk 
IG-1 borehole section.

R
e
d
a
 M

b
. 
to

p

sample depth facies �13
C

calcite/
/dolomite

�18
O

corrected
�18

O
sample

R
e
d
a
 M

b
. 
b
a
s
e

Ps1033w 2068.3 W -7.70 -6.95 Ps1139s 2171.4 R 4.36 71/29 -10.07 -9.59

Ps1039w 2072.9 W -1.96 -6.06 Ps1139_60 2171.5 D 5.19 43/57 -8.53 -7.61

Ps1053s 2087.3 R -1.68 -9.48 Ps1140_20 2172.3 C 5.21 -7.68

Ps1056s 2090.3 R -1.80 -9.58 Ps1140d 2172.8 C 6.60 68/32 -9.19 -8.68

Ps1059g 2093.0 R -2.00 -10.14 Ps1141s 2173.7 B 7.00 -8.20

Ps1060g 2094.1 R -1.51 -9.18 Ps1142_30 2174.7 B 8.25 -7.86

Ps1062s 2096.3 R -1.65 -9.43 Ps1142d 2175.1 B 7.97 76/24 -8.25 -7.86

Ps1064s 2098.3 R -1.95 -10.25 Ps1143d 2176.1 B 8.24 85/15 -8.20 -7.96

Ps1068g 2102.1 R -1.09 -8.99 Ps1143dw 2176.2 D 8.06 -7.51

Ps1070gw 2103.9 W -6.23 -4.82 Ps1144dw 2177.0 D 8.09 83/17 -7.34 -7.07

Ps1072 2105.9 O -0.75 -8.76 Ps1144d 2177.1 A 7.43 84/16 -8.91 -8.66

Ps1076g 2110.1 R -1.66 -9.88 Ps1145sw 2177.9 D 7.80 -7.35

Ps1078g 2111.7 W -3.14 -6.26 Ps1145d 2178.1 B 7.47 82/18 -8.57 -8.28

Ps1082d 2116.7 R -1.88 -10.21 Ps1146sw 2178.9 D 7.75 -9.20

Ps1083_95 2118.4 O -0.87 -9.82 Ps1146d 2178.9 B 7.67 85/15 -10.98 -10.73

Ps1084s 2119.0 R -3.54 -7.92 Ps1147d 2179.7 B 7.54 78/22 -8.95 -8.60

Ps1085s 2120.0 R -1.75 -10.62 Ps1148d 2180.7 B 7.43 77/23 -9.16 -8.79

Ps1087g 2121.8 R -0.58 -9.39 Ps1149d 2181.7 B 5.80 76/24 -8.79 -8.39

Ps1089s 2124.0 R -0.31 -9.31 Ps1150d 2182.7 B 5.37 77/23 -9.07 -8.71

Ps1091d 2126.2 R -0.47 -9.02 Ps1150_80 2182.8 D 5.44 82/18 -8.94 -8.65

Ps1093g 2127.8 O -2.21 -6.63 Ps1151d 2183.7 A 4.62 84/16 -9.42 -9.16

Ps1095s 2130.0 R -1.52 -8.50 Ps1152_40 2184.4 B 4.38 80/20 -9.33 -9.01

Ps1096w 2131.2 W -5.06 -4.33 Ps1152d 2184.7 C 3.99 61/39 -8.55 -7.92

Ps1097_05 2131.6 P -0.69 -9.69 Ps1153_05 2185.1 C 3.11 38/62 -9.85 -8.85

Ps1097d 2132.2 R -1.18 -10.45 Ps1153_45 2185.5 M 1.33 25/75 -7.93 -6.71

Ps1099g 2133.5 R 0.05 -9.41 Ps1153d 2185.7 C 1.89 29/71 -6.91 -5.75

Ps1102s 2136.2 R 0.20 -9.19 Ps1154_20 2186.2 M 1.77 23/77 -6.98 -5.73

Ps1104s 2138.2 R -0.31 -9.37 Ps1154s 2186.5 R 1.89 50/50 -10.09 -9.28

Ps1105_20 2138.9 R 0.14 63/37 -9.64 -9.03 Ps1155_10 2187.1 M 1.00 15/85 -7.62 -6.25

Ps1106s 2139.5 R -0.78 -9.35 Ps1155s 2187.5 R 1.70 -7.25

Ps1107g 2140.3 R -0.18 -9.27 Ps1156s 2188.5 R 1.64 46/54 -9.45 -8.58

Ps1109s 2142.5 R 0.11 -9.23 Ps1157_30 2189.3 M 14/86 -1.40

Ps1111g 2144.3 R 0.55 53/47 -8.68 -7.92 Ps1157s 2189.5 R 1.53 53/47 -9.38 -8.63

Ps1111_65 2144.6 M 0.68 20/80 -7.25 -5.95 Ps1158s 2190.5 R 1.20 -9.15

Ps1113s 2146.5 R 0.42 -8.80 Ps1159_20 2191.2 M 0.71 14/86 -6.43 -5.04

Ps1115s 2148.5 R 0.32 -8.81 Ps1159_40 2191.3 M 0.97 -10.61

Ps1116da 2149.4 M 1.13 44/56 -9.37 -8.47 Ps1160_05 2192.2 R 0.94 67/33 -10.92 -10.38

Ps1116db 2149.4 D 1.54 62/38 -6.82 -6.20 Ps1160s 2192.7 R 1.28 69/31 -10.17 -9.67

Ps1117d 2150.7 R 0.16 -9.54 Ps1161_05 2193.3 R 1.20 70/30 -10.52 -10.04

Ps1119s 2152.5 O 1.64 -6.19 Ps1161d 2193.9 R 0.91 -10.21

Ps1120d 2153.7 O 1.61 -6.20 Ps1161m 2194.0 M 20/80 -1.31

Ps1122d 2155.4 R 1.38 71/29 -10.10 -9.64 Ps1163s 2195.7 R 0.66 80/20 -10.74 -10.42

Ps1124g 2157.7 R 2.16 -9.20 Ps1164_10 2196.3 O 50/50 -0.82

Ps1126d 2159.7 R 2.61 67/33 -9.25 -8.71 Ps1165s 2197.7 R 0.41 -10.29

Ps1128d 2161.7 R 2.96 -8.87 Ps1167d 2200.1 R 0.31 64/36 -10.00 -9.41

Ps1129_30a 2162.1 D 3.28 57/43 -9.41 -8.72 Ps1168_15 2200.7 M -0.04 75/25 -7.32 -6.92

Ps1129_30b 2162.1 O 2.53 22/78 -6.94 -5.68 Ps1169_15 2201.9 R -1.29 63/37 -11.07 -10.46

Ps1130d 2163.0 D 3.40 -8.57 Ps1169 2202.0 N 0.01 -9.61

Ps1132g 2164.4 R 3.91 -7.78 Ps1172g 2205.0 R 0.00 64/36 -10.83 -10.24

Ps1133_60 2165.7 D 4.02 58/42 -8.44 -7.76 Ps1172_80 2205.5 M 20/80 -1.31

Ps1134s 2166.6 D 4.06 -8.26 Ps1175s 2208.2 R -0.24 69/31 -10.88 -10.38

Ps1135s 2167.6 D 2.19 74/26 -8.10 -7.68 Ps1175_80 2208.5 M 25/75 -1.22

Ps1136_15 2167.9 D 3.41 55/45 -10.59 -9.86 Ps1178_80 2211.5 W 0.79 82/18 -9.08 -8.79

Ps1137_30 2168.7 D 4.12 53/47 -9.33 -8.58 Ps1180_40 2213.1 M 33/67 -1.09

Ps1137d 2169.1 D 2.62 64/36 -11.36 -10.77 Ps1180d 2213.4 R -0.12 69/31 -10.65 -10.15

Ps1138s 2170.1 R 3.72 -10.13 Ps1185s 2218.2 R -0.09 33/67 -11.22 -10.14

Ps1190s 2222.5 R -0.30 -10.63

sample depth facies �13
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calcite/
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�18
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have been used for model calculation. Estimated δ13C 
and δ18O values for pure calcite and dolomite compo-
nents were calculated as end-members in the mixing 
model of two adjacent samples. Due to the obvious 
inaccuracies of this method, the obtained results are 
treated as approximate estimations, and used only 
for estimating the relative influence of dolomite (in-
creasing vs. decreasing values) on the bulk-rock iso-
tope ratios.

RESULTS

Lithology (macrofacies)

The carbonate anomaly of the Reda Member 
(Text-fig. 2; 2186–2166 m) in the Pasłęk IG-1 borehole 
section occurs within the thick siliciclastic complex 
of the distal parts of the Kociewie Formation. In the 
lower part of the measured interval (2272–2198  m; 
Text-figs 2B, 3B), the Kociewie Formation is com-
posed of more or less equal proportions of clay-domi
nated [fine claystones (J) – 2%; laminated claystones 
(L) – 27%; mudstones (K) – 16%,] and silt-dominated 
components [silty mudstones (N) – 26%; calcareous 
heterolites (R) – 10%; siltstones (P) – 12%; silt lami-
nated mudstones (O) – 3%].

The first change leading to the facies anomaly 
is the gradual appearance of the specific dolomitic 
mudstone facies (M; Text-figs 2B, 3B), appearing for 
the first time (2237 m) 51 m below the main anomaly. 
Facies M shows a varve-like compositional lamina-
tion, traces of the presence of fine pyrite and towards 
the top an increasing presence of specific, very thin 
red clay laminae. Above 2198 m (12 m below the base 
of the Reda Member), dolomitic mudstones (M) oc-
cur more continuously and are the main fine-grained 
facies component (23% on average; Text-fig. 2B). 
Concurrently, in the same interval (2198–2186 m), the 
participation of siltstone facies distinctly increases 
(22 to 32% on average), at the expense of other fine-
grained facies (J + K + L decreasing from 43 to 19%).

The mass appearance of calcite grains at the base 
of the Reda Member (Text-figs 2B, 3B; 2186 m) re-
sults in the appearance of laminated calcisiltite facies 
(A–C), which are calcite-bearing textural equivalents 
of the dolomitic mudstones (M) occurring below. 
Facies A (calcisiltites), B (laminated marly calcisil-

tites), and C (laminated calcareous mudstones) were 
distinguished macroscopically on the basis of the rise 
in clay content. The facies show a distinct varve-like 
lamination resulting from compositional variations 
between laminae and the total absence of bioturba-
tion. The rocks appear grey with a red-violet hue due 
the admixture of some red pigment to the terrige-
nous laminae. Laminated calcisiltite facies strongly 
dominate (A: 22%; B: 51%; C: 7%; 80% in total) in 
the lower (carbonate-dominating) part of the Reda 
Member (2186–2173 m), with only a minor participa-
tion of dolomitic mudstones (M: 9%) and texturally 
massive calcisiltites (D: 9%).

The termination of the carbonate-bearing anom-
aly (Text-figs 2B, 3B; 2173–2166 m) consists of nu-
merous, thick (up to 50 cm) massive calcisiltite (D) 
beds (27%), dolomitic mudstones (M: 17%), reap-
pearing laminated claystones (L: 40%) and mud-
stones (K: 14%). The return of the background facies 
assemblage (interval: 2166–2123 m) is characterised 
by a distinctly lower contribution of the silt fraction 
in comparison to the beds immediately below the 
Reda Member. The complex is dominated by lami-
nated claystones (L: 45%), and mudstones (K: 13%), 
with subordinate silt laminated mudstones (O: 19%), 
calcareous heterolites (R: 12%) and rare intercala-
tions of dolomitic mudstones (M: 5%). In the next 
interval (2123–2050 m), referred by Modliński et al. 
(2006) to the Puck Formation, further decline of the 
silt facies components proceeds (Text-fig. 2B). At a 
depth of 2050 m (section measured up to 1990 m), 
a strong facies shift toward the domination of fine 
claystones facies (J) is observed.

Updated graptolite biostratigraphy

The existing archival biostratigraphic graptolite 
data (Tomczyk 1973) precede the novel taxonomy and 
stratigraphy of the upper Ludfordian graptolite fauna 
introduced by Tsegelnjuk (1976) and Urbanek (1997). 
For this reason the graptolite fauna occurring espe-
cially above the Reda Member needs to be revised. 
The Kociewie Formation below the Reda Member 
contains abundant specimens of Bohemograptus bo-
hemicus (Barrande, 1850) and rare Neocucullograptus 
spp. up to a depth of 2200.5 m (Text-figs 2C; 3A). 
Above this level, the dolomite mudstones – siltstone 
complex, as well as the Reda Member are almost de-

Text-fig. 4. Thin-section photomicrographs illustrating details of the pre-event facies i.e., immediately below the Lau event interval (below the 
Reda Member) in the Pasłęk IG-1 core; colour marks on the photographs indicate the mineral composition: red – quartz, green – mica, blue – cal-
cite, orange – dolomite, orange/red outline – abraded dolomite, black – organic matter, yellow – pyrite. A-B – Changes observed in the laminated 
mudstone facies, between 2218 m (A) and 2187.5 m (B) (respectively 32 and 1.5 m below the base of the Reda Member; uniform magnification); 
note the appearance of abundant dolomite silt inside the aggregates (one aggregate is outlined by a white dashed line) toward the top (B); transmit-

→
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thickness); D-E – Rock-forming elongated aggregates of grains just below the base of the Reda Member (depth 2186 m) in transmitted (D) and 
combined transmitted and reflected light (E); one nicol (stained with Dickson’s solution). Opaque binder of aggregates is composed of clay and 
filamentous organic matter (enlarged in insert E’); note that pyrite preferentially occurs outside the grain-bearing core of the aggregates and minute 

pyrite grains forming a ‘pyrite-halo’ around the aggregates (yellow marks, opaque in D and bright dots in E).
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void of graptolite macrofossils up to a depth of 2177 
m, where sparse fragments of pristiograptids are 
observed. Above the carbonate-bearing interval, a 
post-extinction biostratigraphically important grap-
tolite fauna was observed (Text-figs 2; 3A) in a suc-
cession typical for the entire Polish Basin (Urbanek 
1997) i.e.: Pseudomonoclimacis latilobus (Tsegelnjuk 
1976) – FO 2156 m; Slovinograptus balticus (Teller 
1966) – FO 2133; Uncinatograptus acer (Tsegelnjuk 
1976) – FO 2122 m; and a single point finding of 
Uncinatograptus acer aculeatus (Tsegelnjuk 1976) 
– FO 2056 m. The topmost part of the Silurian suc-
cession in the analysed section contains graptolites 
of the Uncinatograptus spineus group (FO 2010 m) 
indicating its latest Ludfordian age.

Microfacies and mineral composition

The ‘varve-like’ laminated facies observed in the 
event interval (Text-fig. 3B) shows an evolution cor-
responding to general changes in mineral composi-
tion (Text-fig. 3H). The gradual increase of dolomite 
and quartz silt toward the base of the Reda Member 
is coeval with the appearance of the dolomitic mud-
stone facies (M; Text-figs 2C, 3). At the base of the 
Reda Member, the appearance of calcite transforms 
facies M into laminated calcareous mudstones (C) 
and calcisiltites (A, B).

The laminated texture of the dolomitic mud-
stones (M) results from the appearance of horizon-
tal accumulations of lens-shaped organic-silt aggre-
gates (Text-fig. 4A vs. B). The accumulations show 
sharp bases and tops, with no signs of reworking 
or erosive base surfaces. Single aggregates (~1 mm 
long and ~0.1 mm thick) are composed of dolomite, 
quartz, and muscovite silt (up to 40 µm in size) and 
are bonded by organic-clay matter (Text-fig. 4D, 
E). The dolomite crystals show diverse roundness 
conditions – from almost euhedral crystals to well-
rounded grains (Text-fig. 4E – orange/red marks). 
Fine pyrite framboids are most abundant between 
the aggregate accumulations in clay-mud horizons. 
Framboids are sparse in the interiors of aggregates 
but show local concentrations outside at the aggre-
gate margin, forming a ‘pyrite halo’ (Text-fig. 4D, E). 
The subordinate single red-clay laminae consist of 
fine clayey matrix, with abundant (up to 40%), very 
fine, individual, distinctly oxidized pyrite framboids; 
numerous graptolites and organic cyst cross-sections.

The dolomite silt enrichment, below the base 
of the Reda Member, is also manifested in the 
coarse-grained facies. The siltstones below the do-
lomite-mudstone bearing interval (up to 2198 m) are 

dominated by quartz-mica silt and only in some cases 
contain carbonates, represented by dispersed, fine 
biodetritus, blocky calcite cement and rare fine de-
trital grains. Toward the top – in the event prelude, 
siltstones become dolomite-rich and show common 
sorting between quartz and dolomite expressed as 
clay-silt lamination (Text-fig. 4C) and normal grad-
ing inside the laminae. The dolomite crystals show 
different roundness. Additional blocky dolomite ce-
ment between the dolomite grains as well as dolo-
mite-cemented aggregates are locally noted in the 
dolomite abundance maximum, just below the base 
of the Reda Member.

The first appearance of non-detrital calcite oc-
curs as a component of silt aggregates in the dolo-
mitic mudstone facies (M). Toward the base of the 
Reda Member, calcite evolves from single anhedral 
crystals within aggregates in facies M (Text-fig. 4E 
– blue mark); through elongated, thin overgrowths-in-
growths (Text-fig. 5A, B) and subhedral bulging 
growths on the aggregate surfaces (as e.g., the spher-
oid illustrated in Text-fig. 5C) – in the base of the 
Reda Member (facies C); to individual calcite rafts 
(Text-fig. 5D), euhedral grains and thick incrustations 
of aggregates (Text-fig. 5E) within the Reda Member. 
The distinct calcite enrichment (according to XRD 
data – Text-fig. 3H), starts at the base of the lami-
nated calcisiltite facies interval and causes dilution of 
detrital components. Concurrently, the dolomite con-
tribution to the detrital material (dolomite normalized 
to dolomite + quartz + feldspar) attains the maximal 
level across the ‘sparoid’-bearing interval.

The main, rock-forming components in the cal-
cisiltite facies of the Reda Member are character-
istic calcite grains referred as ‘sparoids’, described 
earlier in detail in the Reda Member of the Mielnik 
IG-1 section (Kozłowski 2015; no. 14 in Text-fig. 1). 
Compared to that case, the calcite grains in the 
Pasłęk-IG1 section are more complex and occur as 
successive micromorphologic types. The most pri-
mary type (‘cloudy sparoids’) consists of individual 
euhedral to subhedral equant calcite crystals (10 
to 50 µm in size), with a dominant rhombohedral 
morphology. The crystal centres contain anhedral 
clouds of filaments (Text-fig. 6A–C, F) in the shape 
of empty nanotubes (e.g., Text-fig. 6D, F, G). The 
cloudy centres are overgrown by limpid calcite up 
to an euhedral crystal shape (Text-fig. 6F; and also 
A, B, C, G). The outside veneers of the crystals are 
sometimes unstained (Text-fig. 7C), recognised in 
SEM-EDS as a Mg-enrichment. The cloudy sparoids, 
beside individual crystals (as e.g., in Text-fig. 6B, 
lower part), form crystal clusters or series, developed 
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Text-fig. 5. Thin-section photomicrographs illustrating initial appearance and later development of calcite precipitate growths (blue marks, 
stained in pink), which evolved in the succession from incrustations or ingrowths of non-carbonate grain aggregates (A-C) at the base of the 
Reda Member (2185.7 m); to one-side growing individual calcite rafts (D – 2183 m); and incrustations of calcite grain aggregate (E – 2181 m) 
in the middle part of the member; note sparoid spherulite growing on organic-clay aggregate in C (yellow mark); and transition between calcite 
bounded ‘rigid’ flake (E – centre) into organic matter bounded aggregate sector with sparoid chain on the right (yellow dashed line); all samples 

stained with Dickson’s solution, transmitted light, one nicol.
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Text-fig. 6. Thin-section photomicrographs illustrating details of calcite ‘sparoids’ anatomy in the Lau event (Reda Member) interval. A – Blue 
arrows: rhombohedral, euhedral cloudy calcite crystals, including numerous empty nanotube moulds – interpreted as spaces after entombed 
filamentous picocyanobacteria; red arrows: sub- to anhedral limpid calcite spheroids formed around tiny detrital (quartz, dolomite) grains; 
the sparoids and dolomite (orange arrow) are cemented into aggregates by anhedral limpid calcite cement (green arrow); B – Rhombohedral, 
euhedral calcite grains comprising nanotube moulds; in upper part of the photograph similar filaments bind finer subhedral-limpid calcite and 
dolomite grains into elongated chain; C – Blue arrow: single coated grain formed by anhedral, limpid calcite overgrowing euhedral dolomite; 
red arrow: encirclement of subhedral calcite sparoids around single euhedral dolomite grain (compare with spheroids arrowed in A); note 

→
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around detrital (dolomite, quartz) grains in the form 
of encirclements (Text-fig. 6C – red arrow). In other 
cases, individual cloudy sparoid series are arranged 
in long chains (Text-fig. 6B, upper part, 7D), often 
along the organic matter (OM) relicts. These ‘sparoid 
chains’ are perceived as the intersections of three-
dimensional fragments of biofilm flocs inlaid with 
the sparoids. The anhedral cloudy calcite may also 
overgrow single detrital grains (Text-fig. 6E).

The second category (geometrically probably 
younger) of the primary calcite grains are limpid 
crystals locally containing single, larger organic fil-
aments (Text-fig. 6G). The limpid calcite often forms 
ovoid overgrowths around detrital (dolomite) grains 
(Text-fig. 6C, blue arrow), or intergrowths with 
cloudy sparoids (Text-fig. 6G). Commonly, subhedral 
limpid crystals are clustered radially around detri-
tal grains forming spheroids (Text-fig. 6A, C, red 
arrows) or growing radially as spherulites around 
tiny (?organic) opaque centres (Text-fig. 6H). A large 
part of the ‘cloudy’ and ‘limpid’ sparoids is gath-
ered in individual aggregates (100 to 300 µm in size; 
Text-fig.  7), often organised around (Text-fig. 7B) 
or assembled with the detrital grains (Text-fig. 7C). 
The ‘primary’ sparoids are agglomerated with relicts 
of OM into ‘loose’ flocs (Text-fig. 6B, upper part; 
Text-fig. 5E, right part of aggregate – dashed line) 
or bonded by anhedral limpid calcite cement (Text-
figs 6A, 7A), containing single organic filaments 
(green arrow in 7A) into ‘rigid’ calcite flakes. The 
latter sometimes contain, preserved inside, ‘primary’ 
sparoids in an original arrangement (e.g., chains 
composed of cloudy euhedral grains – Text-fig. 7D). 
Some of the aggregates are additionally attached to 
calcite rafts (Text-fig. 7F) or overgrown by calcite 
incrustations (Text-fig. 5E).

The primary ‘sparoid’ individual grains and/or 
their aggregates (both flocs and flakes) are textur-
ally arranged into ‘varve-like’ laminated calcisiltite 
(facies A, B, C) or massive calcisiltite (facies Da, 
Db). The ‘varve-like’ texture is formed by parallel 
bands of individual (Text-fig. 8A) and/or aggregated 
‘sparoids’ (Text-fig. 9A), with relative dilutions of de-
trital grains, clay and pyrite framboids, compared to 
adjacent continuous clay-terrigenous horizons (con-
taining only single ‘sparoids’). The ‘sparoid’ bands 

lack any erosive bases nor have any internal signs 
of horizontal transport (imbrication, cross-arrange-
ment). The wavy geometry results from commonly 
undulate bases and lateral thickness variations.

More continuous laminae are dominated by indi-
vidual (non-bonded) ‘primary’ grains (Text-fig. 8A) 
and locally show normal gradation (Text-fig. 8B–D), 
with larger euhedral sparoids and single clusters (e.g., 
spheroids, chain fragments) accumulated close to the 
base, and fine subhedral individual ‘sparoids’ in the 
top. The bases of such laminae contain micro-load 
cast structures (Text-fig. 8B, C). The well-sorted 
grainy laminae are often cemented by final (diage-
netic) generation of anhedral calcite cement (Text-
fig. 8C, D). The discontinuous bands are composed 
mainly of individual disconnected to coalescent 
floc and flake sparoid aggregates (outlined in Text-
fig. 9A). The latter show truncated discontinuous ce-
ment and/or are overgrown by calcite incrustations.

The ‘varve-like’ facies in the anomaly climax 
contain several exceptionally thick (reaching up to 
5 mm) laminae with various, often unique internal 
textural arrangements. The first textural variation 
(Text-fig. 10A) is arranged from normally-graded 
flocs, combined with gradation of individual large 
single sparoids and very fine sparoid grains in the 
lamina top. The second type (Text-fig. 10B, C) shows 
a chaotic arrangement of soft-deformed, elongated 
sparoid flocs with partitions of clay-organic matter 
in between. The third variation is very similar to the 
textural arrangement of the Db facies (see below), 
and shows a chaotic arrangement of long convoluted 
sparoid chains and encirclements, along with the 
domination of dolomite and mica within the clastic 
component (Text-fig. 10D).

Beside the laminated facies (A–C), the sparoid 
grains occur as a component of the calcisiltites with a 
massive texture (facies D; Text-fig. 9B–E). The beds 
are 2–100 mm thick and occur inside the ‘varve’-like 
marlstone bedsets or in the prelude of the terrige-
nous intercalations (see Text-fig. 3B). Macrofacies 
D occurs as two microfacies (Da, Db). Microfacies 
Da (Text-fig. 9B) forms normally-graded beds, with 
vertical separation (demixing) of the components and 
an abrupt, undulate (erosive) base preserved (Text-
fig. 9B). The lower part of the beds contains a dense 

the occurrence of an anhedral, limpid dolomite (unstained) cement between the sparoid grains; D – Empty moulds after microbial filaments; 
E – Euhedral (red arrow) and abraded (orange arrow) dolomite grains incorporated in cloudy anhedral calcite raft flake; F – Cloudy center 
of sparoid formed by floc of (?cyanobacterial) filament moulds (arrowed, pink), syntaxially overgrown to euhedral shape by limpid calcite 
(yellow); G –Subhedral cloudy calcite sparoids containing nanotube moulds (pink, arrowed) overgrown by sub- to anhedral limpid calcite with 
entombed larger (?cyanobacterial) filament moulds (black); H –Calcite spherulites comprising tiny opaque nuclei coated with radially arranged 
subhedral limpid calcite crystals; note the example case of occurrence of the anhedral, limpid dolomite (unstained) cement between the sparoid 
grains; all samples stained with Dickson’s solution; A-E, H – transmitted light, one nicol; F-G – combined transmitted-reflected light, one nicol.
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Text-fig. 7. Thin-section photomicrographs illustrating details of sparoid aggregates bonded by anhedral calcite cement (calcite flakes) in the 
Lau event (Reda Member) interval: A – Eu- to subhedral cloudy sparoids with filament moulds (blue arrow), locally syntaxially overgrown by 
limpid calcite; and sub-anherdal mainly limpid calcite spherulites (red arrow) – all bound together by anhedral limpid (only single filaments 
– green arrow) calcite cement into individual rigid calcite flake; B – Aggregate composed of detrital grains (arrowed) encircled by calcite 
sparoids; C, E – Individual, rigid sparoid flakes (compare with A), composed of rhombohedral, euhedral sparoids, dolomite (orange marks) and 
mica (green mark), bounded by calcite anhedral cement; note numerous sparoids with cloudy centers and unstained (Mg-enriched) external 
lattices in C (arrowed); D – Chains (yellow dashed lines) of euhedral cloudy sparoids (burgundy-red stained), fixed by limpid sub-anhedral 
calcite cement; F – White arrow: rigid sparoid flake composed of eu- to subhedral cloudy calcite sparoids, single euhedral dolomite (orange 
mark) and mica (green mark), bonded by anhedral limpid calcite cement; the flake is attached to the elongated calcite raft (yellow arrow) with →
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Text-fig. 8. Thin-section photomicrographs illustrating details of textural arrangement in the laminated calcisiltite (sparoid) facies in the Lau 
event (Reda Member) interval. A – Laminated calcisiltite (facies A) composed of calcite laminae (light) dominated by individual ‘sparoids’; 
separated by clay-detrital darker laminae; white dashed lines highlighting undulate bases of the calcite-bearing laminae (micro load cast struc-
tures); B – Lower part: details of micro load cast structure (white dashed line) at the base of the internally graded lamina; upper part: chaotic 
sector with sparoid chain – yellow dashed line; C, D – Laminae of calcite sparoids showing undulate bases (dashed lines) and internal normal 
grading (part of single, large sparoids in the lower part is outlined by solid lines, yellow dashed lines highlight sparoid chains); all samples: 

transmitted light, one nicol; B-D: stained with Dickson’s solution.

adhered quartz (red mark) and dolomite (pink mark) at its top surface; all samples stained with Dickson’s solution; B, C, E, F – transmitted 
light, one nicol; A, D – combined transmitted-reflected light, one nicol.
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Text-fig. 9. Thin-section photomicrographs showing aspects of textural arrangement in the ‘sparoid’ facies in the Lau event (Reda Member) 
interval. A – Laminated marly calcisiltite facies (facies B) composed of calcite bands (light) dominated by individual and/or coalescent sparoid 
aggregates (examples are outlined by yellow dashed lines); B – Massive, clastic-bearing calcisiltite facies (Da), showing sharp based (dashed 
line) graded bedding with demixing of coarser carbonate sparoids (on the base) and finer clastic material (toward the top) with low angle 
cross lamination; C, D – Massive, pure-carbonate calcisiltite facies (Db), showing cross-bedding in lower part (C, enlarged in D), and parallel 
lamination in the upper part (C); E – Details of the massive, pure-carbonate calcisiltite facies (Db) consist of numerous sparoid encirclements 
(outlined by yellow dotted lines) around euhedral to abraded (orange mark) dolomite grains; and sparoid chain (yellow dashed lines); note that 
detrital grains are represented mainly by dolomite and mica (green marks) with relative underrepresentation of quartz (red mark); all samples: 

transmitted light, one nicol; B, E – stained with Dickson’s solution.
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Text-fig. 10. Thin-section photomicrographs illustrating details of texture of thick, laterally continuous laminae, with internal ‘chaotic’ or 
‘graded’ flocs arrangement in sparoid facies in the Lau event (Reda Member) interval. A – Exceptionally thick calcite-bearing lamina showing 
normal grading of floc aggregates‚ combined with inverse gradation of loose individual sparoid grains, covered in the top by finest grains 
accumulation; B – Chaotic texture of thick laminae (showed in C) composed of soft-deformed elongated sparoid flocs with organic matter 
agglomeration in-between (black marks); note that detrital grains are represented mainly by abraded dolomite (orange marks) and mica (green 
marks); larger biogenic grain (arrowed) is probably a fragment of alga; C – Lamina with ‘chaotic’ texture, with internal separation of calcite 
flocs by clay-organic matter partitions; D – Anatomy of ‘chaotic’ texture, containing tangled long sparoid chains (yellow dashed line) and 
single detrital grains (mainly dolomite) enclosed in sparoid encirclement frames (yellow dotted lines); all samples: transmitted light, one nicol; 

B, D: stained with Dickson’s solution.
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‘sparoid’-dominated accumulation, with some aggre-
gates (chains, encirclement) at the base, covered by a 
fine-grained, pyrite horizon. The unit is succeeded 
by a several times thicker well-sorted, low-angle 
cross-laminated, normally-graded silt (quartz, mica 
and subordinate dolomite), and containing only ac-
cessorial (up to 10%) finer sparoid bands. The top 
of the succession shows a gradual transition (some-
times with an amalgamation surface) into thick fine 
mudstones (macroscopically: facies N). The average 
composition of this variant of facies D seems to cor-
respond to the virtually averaged composition of the 
laminated marly calcisiltite (facies B–C).

Microfacies Db (Text-fig. 9C–E) consists of a 
strong domination of ‘sparoids’ with only accessory 
detrital dolomite, mica and a relatively under-rep-
resented quartz and pyrite content. The beds are 
low-angle cross-laminated to texturally massive 
(Text-fig.  9C, D). The ‘sparoids’ are chaotically ar-
ranged and mainly represented by well-preserved 
encirclements of detrital grains and ‘sparoid’ chains 
(Text-fig. 9E). Relatively abundant vase-shaped mi-

crofossils (interpreted as tintinnids), are noted in the 
upper part of the beds. The composition of Db facies 
shows a distinct enrichment of ‘sparoids’ and micro-
fossils in relation to the averaged composition of the 
‘varve’-like marls and strong depletion of quartz in 
relation to dolomite and mica detrital grains.

The massive, grained sparoid accumulations, 
occurring in microfacies Db, as well as inside the 
laminae with an internal ‘chaotic’ arrangement (in 
the context of facies A–B), locally contain traces 
of partial dissolution of calcite sparoids, occurring 
along sub-vertical paths running along detrital grains 
(Text-fig. 11). The resulting (often connected) poros-
ity is succeeded by precipitation of the neomorphic 
dolomite cement (see also Text-fig. 6C, H), regarded 
as the last generation of carbonate components.

Pyrite framboid size distribution

In the entire studied interval, pyrite occurs as 
individual micro-framboids, composed of spherical, 
densely packed, octahedral – euhedral microcrystals. 
The original mineralogy is very well-preserved, but 
inside the red clay laminae (facies M) very abun-
dant pyrite framboids are in the majority altered to 
goethite, whereas framboids beyond the laminae 
show no signs of oxidation. The framboid distribu-
tion within a single bed is not homogenous – with 
strong depletion inside the grain aggregates or accu-
mulations (both ‘sparoid’ and detrital), contrasting 
with a distinct pyrite enrichment in the clay com-
ponent (especially the red-coloured bands). Locally, 
the framboids form disconnected groups, especially 
observed around aggregates or inside the red-clay 
laminae. The measured and calculated statistical pa-
rameters of the framboid populations are listed in 
Table 1 and visualised on the diagrams (Text-figs 3E 
and 12).

The statistical parameters plotted onto diagrams, 
proposed by Wilkin et al. (1996), allow five (sub-) 
types of pyritization (see Text-fig. 12 and Table 1) 
to be distinguished, distributed consistently with the 
facies pattern (Text-fig. 3E). The most extreme sub-
type referred here as “A1–A2” appears with facies 
M, at a strong increase of detrital dolomite admixture 
(Text-fig. 3E, Table 2), 8 meters below the base of the 
Reda Member and occurs continuously across the 
whole ‘sparoid’ anomaly (facies A–C). The “A1–A2” 
pyritization type shows: a minimum mean diameter 
of framboids (below 3.85 and 4.2 μm, respectively), 
minimum standard deviations (below 1.33 and 
1.57 μm, respectively), lowest skewness (between 1.0 
and 1.5), strong dominance of framboids below 5 μm 

Ps1149_30_x50_ 2016 11 14 01

20 µm

Text-fig. 11. Thin-section photomicrograph illustrating details of 
sub-vertical dissolution paths along detrital grains (mainly dolo-
mite) filled by secondary dolomite cement; red arrows indicate 
dissolute sparoid surfaces; transmitted light, one nicol, stained with 

Dickson’s solution.
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(82–93% and 73–82% of all framboids) and virtual 
absence of framboid coalescence and overgrowing, as 
well as framboids larger than 10 μm in diameter (sin-
gle horizontal occurrences in A2 type). At the base 
of the ‘sparoid’ anomaly occurs a twofold depletion 
in pyrite content (from c. 5‰ to below 2.5‰; Text-
fig. 3E), visually related to calcite dilution (calcite 
bands are almost pyrite-free). The pyrite framboids 
occurring outside the carbonate anomaly (Text-figs 
3E and 12) show: (1) larger average and median sizes 
in framboid diameter; (2) high contribution of fram-
boids with diameters above 5 µm; (3) moderate stan-
dard deviation and skewness of framboid diameter; 
and (4) larger maximum framboid diameters (40 µm 
below, and 30 µm above the anomaly, respectively).

Isotope record

The isotope record of the studied interval was 
examined in the bulk-rock carbonate component, 
composed of calcite and dolomite phases. Despite 
the expected suppression by some accessory detrital 
dolomite admixture (Kozłowski 2015), the mid-Lud-
fordian Carbon Isotope Excursion (CIE) in the Pasłęk 
IG-1 borehole section is pronounced, well-defined 
and (surprisingly) reaches a very high magnitude, 
comparable only with the mid-Ludfordian CIE val-
ues recorded in the shallow-water carbonate platform 
interiors (Text-figs 2D, 3C; Table 2). The core of the 
excursion in general is coeval with the Reda Member 
carbonate facies anomaly.

The performed paired analysis (adjacent dolo-
mite vs. calcite rich samples; see Text-fig. 13) al-

lows for monitoring the influence of the accessory 
dolomite component on the bulk-rock record. The 
(negative) correlation between the dolomite contri-
bution and bulk rock δ13C values is absent below 
the event prelude interval up to depth 2189 m (R2 = 
0.000002) and insignificant in the anomaly climax 
interval (2185–2172 m; R2 = 0.015); whereas it shows 
moderate significant correlation in the event prelude 
interval (2189–2185 m; R2 = 0.72) and in individual 
sample pairs in the interval of the decreasing limb of 
the anomaly (above 2172 m). In the event prelude and 
CIE decreasing intervals, adjacent beds with a con-
trasting calcite/dolomite ratio co-occur, which allows 
for the approximation of isotope signatures of both 
components (paired analysis). Contrarily, in the CIE 
climax, constant dominance of calcite determines the 
isotope record but also impedes the estimation of 
accessory dolomite isotope signatures.

The record of the mid-Ludfordian CIE (Text-
fig.  3C) starts from a consistent plateau with con-
stant bulk rock values around 0‰ (vs. VPDB), noted 
regardless of the dolomite/calcite ratio (Text-fig. 13). 
The gradual increase starts just above the last ap-
pearance of the Neocucullograptus–Bohemograptus 
graptolite fauna assemblage (kozlowskii event at a 
depth of 2201 m). Above this level, the gradual in-
crease of bulk rock δ13C values from ~0‰ up to the 
~1.9‰ is coeval with the appearance of the ‘sparoid’ 
incrustations on detrital aggregates, with estimated 
model δ13C values for calcite around 2–3‰. In the 
same interval, dolomite seems to have lower δ13C val-
ues between 0 and 2‰ (Text-fig. 13). The appearance 
of single loose sparoids (depth 2185.7 m) is coeval 
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with the rapid isotope changes. Bulk rock δ13C values 
of ~1.9‰ regardless of the dolomite/calcite ratio at 
the base of the CIE indicate similar and relatively low 
(~2‰) δ13C values of both components. Immediately 
above, across the base of the mass-sparoid facies, the 
bulk rock values show a rapid pronounced positive 
shift from 1.89 to 3.11‰, indicating calcite as the 
main mineralogical carrier of the heavy δ13C signa-
tures. The increasing limb of the excursion contin-
ues in the lower 5 m of the Reda Member carbonate 
facies anomaly, reaching the CIE maximum plateau 
at a depth of 2181.5 m (Text-fig. 3C) in the facies 
where calcite strongly dominates over the dolomite 
component (Table 2). The maximum plateau (S-Zone 
of Frýda and Manda 2013) with δ13C values between 
7.43–8.25‰ extends for the next 7 m thick interval 
up to a depth of 2174.5 m. Assuming the negative 
influence of the dolomite admixture on the bulk rock 
δ13C values observed earlier in the Reda interval of 
the Mielnik IG-1 section (Kozłowski 2015), the max-
imum δ13C values of sparoid calcite are expected to 
be heavier (probably up to +10‰).

The decreasing limb of the CIE starts within the 
last 1 m of the laminated calcisiltite complex (Text-
fig. 3C), coinciding with the recovery of graptolite 
fauna, and continuing through the next 5 m within 
the massive calcisiltite interval. The δ13C curve 
shows a possible poorly defined (3 samples) mid-
CIE minimum around a depth of 2167.8m. The first 
appearance of the Pseudomonoclimacis latilobus 
graptolite fauna was recognised in the upper part 
of the decreasing limb of the CIE, coeval with bulk 
rock δ13C values of 2‰. The gradual decrease of the 
CIE toward the plateau with values of -2‰ occurs in 
the next 17 m thick interval. The end of the excur-
sion is coincident with the first appearance of the 
Slovinograptus–Formosograptus graptolite assem-
blage (Text-fig. 2D; compare Spiridonov et al. 2017).

The bulk rock oxygen isotope curve (Text-fig. 3D) 
is strongly influenced by the changes in dolomite 
contribution with the additional effect of the differ-
ent fractionation factor between calcite and dolomite 
precipitation (Vasconcelos et al. 2005). According to 
estimations based on paired sample analysis (Text-
fig. 13), the oxygen isotope signatures of the dolomite 
component, after correction for different fraction-
ation factor (Vasconcelos et al. 2005), show heavier 
(compared to calcite) and more consistent δ18O val-
ues (between -6‰ and -1‰). Oxygen isotope sig-
natures of calcite are significantly lighter (between 
-18‰ and -6‰) and show presence of the positive 
correlation with the δ13C values (Text-fig. 13; com-
pare Samtleben et al. 2000).

5

10
calcite

dolomite

0-5-10-15

�13

C

�18

O

2144.3 53/47

2144.6 20/80

Ps1111g

Ps1111_65

0.5 -7.9

1.5 -6.9

2149.4 44/56

2149.4 62/38

Ps1116da

Ps1116db

1.1 -8.5

1.5 -6.2

2162.1 57/43

2162.1 22/78

Ps1129_30a

Ps1129_30b

3.3 -8.7

2.5 -5.7

2171.5 43/57

2172.8 68/32

Ps1139_60

Ps1140d

5.2 -7.6

6.6 -8.7

2172.8 68/32

2176.1 85/15

Ps1140d

Ps1143d

6.6 -8.7

8.2 -8.0

sample
pairs depth

calcite/
/dolomite

calcite dolomitebulk rock

calculated (model)measured

2184.7 61/39

2185.1 38/62

Ps1152d

Ps1153_05

4.0 -7.9

3.1 -8.8

2185.5 25/75

2186.5 50/50

Ps1153_45

Ps1154s

1.3 -6.7

1.9 -9.3

2185.7 29/71

2186.5 50/50

Ps1153d

Ps1154s

1.9 -5.8

1.9 -9.3

2186.2 23/77

2186.5 50/50

Ps1154_20

Ps1154s

1.8 -5.7

1.9 -9.3

2186.5 50/50

2187.1 15/85

Ps1154s

Ps1155_10

1.9 -9.3

1.0 -6.2

2187.1 15/85

2188.5 46/54

Ps1155_10

Ps1156s

1.0 -6.2

1.6 -8.6

2189.5 53/47

2191.2 14/86

Ps1157s

Ps1159_20

1.5 -8.6

0.7 -5.0

2191.2 14/86Ps1159_20

Ps1160_05 2192.2 70/30

0.7 -5.0

0.9 -10.4

2184.3 80/20

2184.7 61/39

Ps1152_40

Ps1152d

4.4 -9.0

4.0 -7.9

-0.9 -9.3 2.2 -4.0

2.4 -1.4 0.1 -3.8

4.2 -12.5 2.1 -6.0

8.4 -10.0 2.8 -1.7

9.7 -7.3 0.0 -0.9

5.5 -6.3 1.7 -5.6

3.0 -14.4 0.8 -3.5

1.9 -17.7 1.9 -1.2

2.1 -15.8 1.7 -3.6

3.2 -13.6 0.6 -5.1

2.7 -12.6 0.7 -4.0

2.5 -13.0 0.4 -5.1

1.1 -13.7 0.6 -4.2

4.8 -10.2 2.7 -8.8

�13
C �13

C �13
C �18

O*�18
O�18

O

Text-fig. 13. Plot of the carbon and oxygen isotope ratios* of model 
calcite and dolomite components, obtained from the calculations 
(below) using paired bulk rock analysis and XRD derived calcite/
dolomite ratio. * for calcite-dolomite isotope comparison, the oxy-
gen isotope ratios of dolomite are corrected (-2.6‰) due different 
fractionation factor during common calcite and dolomite precipita-

tion (Vasconcelos et al. 2005).



	 SILURIAN LAU EVENT IN THE AXIS OF THE BALTIC BASIN	 551

INTERPRETATION

Eolian induced marine snow in the event prelude 
interval

The facies anomaly of the Reda Member in the 
Pasłęk IG-1 borehole section is preceded by earlier, 
less-pronounced facies changes.

Dolomite silt as eolian dust. Increasing contri-
bution of dolomite silt, just below the main carbonate 
anomaly (Text-fig. 3H), was noted earlier in the more 
proximal to palaeo-coastline Mielnik IG-1 borehole 
section (Kozłowski and Sobień 2012). The silt was in-
terpreted as eolian dust (as in Samtleban et al. 2000), 
based on features (Kozłowski 2015), which are also 
observed in the case of Pasłęk IG-1, i.e.: a well-sorted 
silt fraction, a distinct negative skew in diameter (very 
sharp maximum size limit at 40 µm), the presence of 
rounded dolomite grains, the lack of dolomite crystal 
intergrowths, a high mica/quartz ratio and a locally 
observed peculiar mica-dolomite (quartz depleted) 
detrital admixture to the calcisiltite facies. The esti-
mations of δ18O for dolomite (Text-fig. 13; compatible 
with values obtained from isolated dolomite grains 
in Kozłowski 2015, fig. 2O) suggest a heavier and 
more consistent (in relation to calcite) oxygen isotope 
composition, which is in accordance with dolomite 
precipitation with the influence of evaporitic waters 
– residually enriched in 18O (e.g., Pierre et al. 1984) 
in an emergent carbonate platform setting, which was 
possibly the source of the dolomite dust.

The alternative interpretation of dolomite as hav-
ing been precipitated inside the aggregates due to the 
reductive microenvironment does not fit due to the 
limited size of the dolomite grains, absence of inter-
growths, presence of rounded grains, and common 
sorting with quartz and mica. The eventual deriva-
tion of dolomite by intra-basinal transport from the 
emerged carbonate platform top is excluded by the 
general opposite direction of detritus derivation for 
the whole Kociewie Formation, i.e., from the SW 
located clastic-bearing orogenic wedge (Jaworowski 
1971).

In the case of the Pasłęk-IG1 borehole section, 
the dolomite silt admixture is additionally coeval 
with red-coloured fine clay laminae and the pink-
violet hue of the carbonate facies at the event max-
imum. Enrichment of pyrite framboids within the 
red laminae is interpreted as resulting from pulses 
of iron-bearing dust supplied to the sea surface (dust 
storms or dust wet deposition), where the long-term 
suspending finest fraction of eolian material (iron 
compounds) was concurrently deposited with pyrite, 

grown with delay in the water column after the iron 
supply pulse. Enrichment of the red laminae in grap-
tolite fossils may suggest an additional fertilization 
effect of the dust supply.

Silt aggregates as marine snow. Silt material 
in the dolomitic mudstones is preferentially incor-
porated into the aggregates, bonded (and also envel-
oped) by a clay-organic matrix containing relics of 
calcified filaments of probably cyanobacterial origin 
(Text-fig. 4E’).

Given the compositional anatomy, overall shape, 
size, textural arrangement of accumulations and 
rock-forming abundance, the aggregates are inter-
preted as marine snow. Modern marine snow (e.g., 
Alldredge and Gotschalk 1988; Alldredge and Silver 
1988; Ransom, et al. 1998) occurs as sediment-form-
ing flattened organomineralic aggregates up to sev-
eral millimetres in size. The detrital material in-
corporated into aggregates is clay to silt-sized, very 
often derived as eolian dust. The marine snow par-
ticles are held together by organic-rich mucous and 
phytoplankton filaments in a relatively loose agglom-
eration; hence the particles have a tendency to be 
flattened by compaction. The aggregates often join 
together with partial coalescence. The marine snow 
particles are often formed in association with phyto-
plankton blooms, hence have a tendency to occur as 
horizontal accumulations in the form of horizontal 
laminae (Grimm, et al. 1997).

Iron replacing by active acquisition as exclu-
sive marine snow attribute. It is proposed here, that 
the observed enrichment of iron around the aggregate 
(‘pyrite halo’), previously described as a feature of 
Jurassic marine snow (Macquaker et al. 2010), can be 
an important diagnostic feature of the marine snow 
formed by cyanobacteria.

The substantial part of marine snow in recent 
oceans is formed by pelagic cyanobacteria (Lampitt 
et al. 1993), especially in the case of eutrophic 
conditions (Kaltenböck and Herndl 1992). The pe-
lagic diazotrophic cyanobacteria Trichodesmium 
[of Ediacaran origin according to molecular clock 
predictions (Sánchez-Baracaldo 2015)] actively 
traps detrital grains for iron acquisition (as a nu-
trient needed for active nitrogen fixation) and re-
places iron from the mineral aggregate toward the 
external, living part of the floc (Rubin et al. 2011). 
Such a mechanism would result in the formation of a 
‘pyrite halo’ around the cyanobacterial marine snow 
floc in contrast with pelagic faecal pellets, which are 
preferentially pyritized inside. The observed partial 
calcification of the filaments inside the aggregates 
also matches with the Trichodesmium (group) origin, 
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because it was recently experimentally demonstrated 
that Trichodesmium shows a high potential for car-
bonate precipitation, especially in bloom conditions 
(Kranz et al. 2010). Moreover, recent Trichodesmium 
blooms are often triggered by iron-bearing eolian 
dust (Capone et al. 1998; Rubin et al. 2011) and are 
associated with water-column stratification. Eolian 
dust supply can strongly enhance vertical marine car-
bon export by causing coeval surface water fertiliza-
tion and by the ballasting effect of lithogenic, eolian 
material (van der Jagt et al. 2018). The enhanced ver-
tical carbon flux caused by eolian fertilization, has 
the high potential for the formation of bottom anoxic 
or euxinic conditions.

Development of euxinic conditions

The occurrence of pyrite in the studied rocks, 
entirely in the form of non-coalescent framboids, 
points to syngenetic to early diagenetic pyrite for-
mation (Wilkin and Barnes 1997). The pyritization 
pattern in the studied section is strictly related with 
facies-mineralogical changes (Text-fig. 3 E vs. B+H; 
Table 1), repeating the scenario noted earlier in the 
periplatform setting (Kozłowski 2015).

In the event prelude interval, the appearance of 
eolian-derived detritus and marine snow parallels the 
gradual evolution of the pyrite framboid population 
toward the lowermost median, mean and maximum 
sizes, coupled with low standard deviation and low 
skewness (A1–A2 in Table 1; Text-fig. 12). The size 
characteristics and strong domination (>90%) of tiny 
pyrite framboids (below 5 μm in diameter) suggest 
pyrite formation in the sulfidic water column (Wilkin 
et al. 1996). Such an indication is confirmed by the 
absolute lack of overgrown and coalescent framboids 
and lack of framboids larger than 10 μm (Wignall and 
Newton 1998) in the A1 sub-suite. The single grains 
larger than 10 μm in the sub-suite A2 are regarded as 
an effect of short-lived oxic pulses, which occurred 
e.g. in the effect of the density current episodes (see 
the Ps1146s low/up samples in the Table 1 – represent-
ing the lower and upper part of the single bed of den-
sity current origin). The A1–A2 framboid sub-suites, 
interpreted as indicating euxinic (A1) or temporary 
euxinic (A2) conditions, appear a few meters below 
and occur continuously across the Reda Member car-
bonate anomaly, with only single point regressions 
probably caused by density current events (Text-fig. 
3E; Table 1).

Below the event interval, less consistent statisti-
cal parameters of framboids (B suite) are interpreted 
as recording lower dysoxic conditions, with similar 

higher-oxic episodes associated with density currents 
(as sample Ps1196g – representing facies R). Above 
the laminated calcisiltite complex, the occurrence 
of distinctly coarser and often coalescent framboids 
(C–D suites) points to gradual environmental evolu-
tion toward upper dysoxic conditions.

Sedimentary processes and depositional 
environments of the Reda Member

The apogee of the studied event in the pelagic set-
ting of the Baltic-Podolian Basin is recorded by the 
unusual mass appearance of carbonate precipitates. 
The first manifestation of a carbonate saturation 
rise in the event prelude interval is recorded as an 
initially gradual and later rapid increase of carbon-
ate incrustation formed around marine snow flakes. 
Immediately above, the Reda Member contains the 
massive dominance of calcite crystals, which have 
been described earlier as ‘sparoids’ (Kozłowski 2015) 
and interpreted as carbonate precipitates formed in 
the water-column (whiting-related endogenic epipe-
lagic suspensoids).

Sparoids as carbonate suspensoids. Recent car-
bonate suspensoids, similar in shape and maximum 
size (up to 50 µm), are widely observed in hard wa-
ter, freshwater environments, where they are formed 
with the participation of picoplankton photosynthetic 
activity (Dittrich et al. 2004; Dittrich and Obst 2004; 
Thompson et al. 1997). The cyanobacterial origin of 
suspensoids is evidenced by the entombed cells of 
picocyanobacteria often preserved as curved holes 
in the crystal interior or as attached cells (Bosak 
et al. 2004; Chafetz 2013; Dittrich and Obst 2004; 
Greenfield 1963; Tourney and Ngwenya 2009).

A similar origin of the filaments within the Reda 
Member sparoids is best evidenced in primary cloudy 
calcite crystals, by the overgrowth of cloudy anhe-
dral sparoid centres by limpid calcite up to an eu-
hedral shape (Text-fig. 6F), which is interpreted as 
nucleation around actively photosynthetic cells, sub-
sequently entombed inside by further spontaneous 
crystal growth (compare Morse et al. 2003; Yates and 
Robbins 1998). These features suggest the formation 
of the primary cloudy sparoids in the surface pho-
tic layer and eventual further growth continuation 
occurring during suspension and sinking. It is im-
portant to note that the surface algal scum forming 
in bloom conditions could allow for the prolonged 
suspension and growth of calcite crystals in a surface 
related environment, as well the formation of calcite 
incrustations on flocs (e.g. Taylor et al. 2004).

The unstained external lattices, observed around 
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part of the cloudy sparoids were earlier described 
(Kozlowski 2015) as skeletal dolomite rims and in-
terpreted as having been formed by internal calcifi-
cation of dedolomite, derived as eolian material from 
the emergent carbonate platform realm. However, 
such an origin should cause dispersal distribution of 
such types of grain and their abundant occurrence 
in the detrital laminae also as non-calcified skeletal 
crystals. Current observations reveal a non-dispersal, 
locally concentrated occurrence of grains with un-
stained lattice, observed as e.g., an exclusive type of 
grain in individual aggregates (e.g., Text-fig. 7C) or 
laminae. Moreover, the grains are “colonised” by mi-
crobial filaments only from the inside, whereas their 
surface shows no signs of cloudy calcite overgrowth 
(compare such overgrowing of regular detrital dolo-
mite in Text-fig. 6E). Also the detrital laminae con-
tain only very rare, single and collapsed skeletal 
dolomite rims (which sustains the general presence 
of some accessorial admixture of dedolomite in the 
detrital grains population).

The alternative interpretation is that the unstained 
external lattices of the sparoids represents magne-
sium ’armouring‘ (Tribble and Mackenzie 1998) 
formed during sinking into the stratified water col-
umn. The dominant euhedral rhombohedral shapes, 
as well as the large crystal dimensions indicate a low 
content of magnesium (Folk 1974) in the near-sur-
face water column, where the sparoids were proba-
bly formed. However, the ‘armouring’ would occur 
during sinking towards the bottom – into the sulfate 
reduction zone, where sulfate depletion causes mag-
nesium release from the MgSO4

0 ion pairs, resulting 
in enhanced magnesium ion activity. Alternatively, 
the vertical Mg-ion activity gradient would result of 
a salinity gradient in the stratified water column. 
The ‘magnesium armouring’ of mature sparoids sug-
gest that there were unfavourable conditions for the 
spontaneous growth of ‘sparoids’ below the sulfate 
reduction zone.

In this context, the primary limpid sparoids in 
form of subhedral crystals and coatings are inter-
preted as being formed also in the surface layer but 
probably without the strictly photosynthesis-related 
conditions. The spheroids and ovoid coatings around 
mineral grains (mainly ?eolian dolomite) as well as 
spherulites around tiny organic centres, are inter-
preted as spontaneous calcite growth in supersatura-
tion conditions, occurring in suspension or inside the 
mucus-organic matter flocs of algal scum.

Sparoid marine snow. In contrast to the earlier 
described Mielnik IG-1 borehole section (Kozłowski 
2015), representing a more proximal (periplatform) 

part of the basin and containing abundant individ-
ual sparoids (Text-fig. 1, no. 14), the sparoids in the 
Pasłęk IG-1 borehole section occur mainly in the form 
of various clusters bonded by organic matter – ‘flocs’ 
or by anhedral calcite – ‘flakes’ interpreted here as 
the marine snow. Aggregates similar to marine snow 
are often observed also in the case of recent carbon-
ate suspensoids (Braissant et al. 2003; Tourney and 
Ngwenya 2009), which form crystal chains (Freytet 
and Verrecchia 1993), microstromatolites and spher-
oids (Buczynski and Chafetz 1991), random clusters 
and rafts (Taylor et al. 2004).

The eventual authigenic formation of such ag-
glomerations on the seafloor is unlikely, due to the 
strongly limited incorporation of terrigenous grains 
and absence of pyrite framboids (both of these oc-
cur abundantly outside the aggregates), which point 
to sparoid agglomeration above the pyrite formation 
zone. Moreover, the aggregates observed in the Pasłęk 
IG-1 borehole section (e.g., Text-fig. 7) lack palisade 
encrustations or randomly oriented elongated crystals 
typical of seafloor crystal fans (e.g., Saitoh et al. 2015; 
see also fig. 7C in Kozłowski and Sobień 2012). The 
eventual early diagenetic, authigenic calcite precipi-
tation in porous sediment with pyrite replacement by 
displaced growth is also unlikely due to: (1) the well 
preserved grain-supported textural arrangement of 
the primary sparoids (in exceptional cases – sparoid 
chains and encirclements); (2) the incorporation of 
detrital (?eolian dust) components not displaced by 
crystal growth; (3) the parallel occurrence (or internal 
transition) of the non-calcified ‘flocs’.

Direct evidence that at least part of the sparoid 
aggregates represents unmodified marine snow par-
ticles are the soft deformed flocs and long sparoid 
chains (Text-figs 7D, 8B, 10D). These aggregates are 
interpreted herein, respectively, as stringers (Eisma 
1986), i.e., comet-shaped elongate aggregates; and 
sheet-like biofilm flocs, both of which are the typ-
ical forms of recent marine snow (Alldredge and 
Gotschalk 1988; Berhane et al. 1997; Riebesell 1991; 
Stachowitsch et al. 1990). The co-occurring ‘sparoid 
encirclements’ (Text-figs 9E, 10D) are formed around 
loose individual detrital grains (quartz, dolomite), 
with relics of filaments on their etched-like surface, 
interpreted as related to active nutrient (?iron) acqui-
sition by bacteria. The attached cells were probably 
nucleation sites for the calcite crystals, with their 
growth induced by photosynthesis. The ‘encircle-
ments’ interpreted as being formed in the upper (pho-
tic) water column are regarded as the initial stage 
of the larger sparoid aggregate formation (compare 
Taylor et al. 2004).
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Accumulations of aggregates in the form of 
horizontal bands (Text-fig. 9A) are comparable to 
the pelleted texture of quasi-laminae described by 
Macquaker et al. (2010) and Dela Pierre et al. (2014) 
interpreted as single-event units (microbeds) that 
originate from algal-bloom related massive settling 
of marine snow.

On the bottom, thicker accumulations of recent 
marine snow form agglomerations of multi-species 
clumps, where individual flocs could still be rec-
ognised (Stachowitsch et al. 1990). In the studied 
case part of the thick laminae has locally preserved a 
graded stack (Text-fig. 10A) or resembles the chaotic 
accumulation (Text-fig. 10B–C) of individual, still 
recognizable flocs. The chaotic texture of facies Db 
and some laminae also preserves the original cha-
otic arrangement of densely tangled sparoid chains 
and encirclements (Text-fig. 10D). The composition of 
such horizons may be interpreted as representative for 
the composition of the original (non-reworked) sus-
pended sediment, largely composed of marine snow 
aggregates, with the admixture of individual grains.

Pyrite, interpreted as forming in the water col-
umn, is extremely depleted inside the ‘sparoid’ ag-
gregates and their accumulations. This is interpreted 
as being related: (1) to the formation of aggregates 
above the sulfidic zone (internal depletion); (2) to 
temporal events of very fast sparoid precipitation and 
massive settling, occurring in the context of constant 
clay-pyrite sedimentation (inter-aggregate depletion); 
and possibly (3) to hydraulic sorting on the bottom 
surface (see below). The overall volumetrically (at 
least double) pyrite depletion in the whole ‘sparoid’ 
interval is interpreted as being caused by a (ca. dou-
ble) increase of the relative rate of sedimentation 
caused by the mass extra-addition of ‘sparoid’ calcite.

Textural arrangement by benthic flocculent 
layer. The settling of sparoids mostly as aggregates 
should result in a pelleted texture, however this does 
not explain the significant lateral changes in thick-
ness and the wavy (pinch and swell) geometry of 
laminae composed of individual sparoid accumula-
tions (Text-fig. 8A). Compared to the spectrum of tex-
ture variations in recent marine laminated sediments 
(Schimmelmann et al. 2016), the observed specific 
texture is very similar to the textural arrangement of 
the abyssal coccolith ooze of the Black Sea, which is 
strongly modified by additional hydraulic sorting and 
early diagenetic alternation by the ‘benthic flocculent 
layer’ (Pilskaln and Pike 2001). The ‘fluff layer’ has 
been recognised in several places in the recent ocean, 
where it is formed due to the massive deposition of 
phytodetritus (marine snow) in consequence of mas-

sive phytoplankton blooms (Beaulieu 2002). In the 
case of the Black Sea, the ‘fluff layer’ is a 2 cm thick 
layer of loose gelatinous consistency underlain by 
2  cm of thick unconsolidated sediment. Hydraulic 
sorting in the layer favours for the separation of car-
bonate, lithogenic, pyrite and organic material. The 
concentrated sinking of the grains in the gelatine 
layer results in the compositionally well separated 
laminae of pure carbonate laminae with a ‘pinch-
and-swell’ geometry (Pilskaln and Pike 2001).

The laminated calcisiltite facies show certain fea-
tures that may indicate the presence of such a layer 
also in the studied case. The common undulate bases 
of laminae (Text-figs 8A, 9A) suggest deposition on 
an unstable water-sediment interface with inverted 
density. The load structures (Text-fig. 8B) are associ-
ated with internal normal grading (see also Text-fig. 
8C, D), which could be the result of hydraulic sorting 
in a fluff layer. This is in line with the generally high 
degree of carbonate vs. lithogenic + pyrite grains 
separation in the laminated facies. Parts of the thick 
laminae (Text-fig. 10B, C) are composed of loose 
soft-deformed flocs dipped in the organic-clay ma-
trix, preserving the textural arrangement expected 
for original fluff-like accumulation.

Record of density currents. The Reda Member 
occurs within the Kociewie Formation, which con-
tains numerous beds of siltstones interpreted as 
being formed by turbidity currents (Jaworowski 
1971; Jaworowski 2000). The siltstone contribution 
distinctly increases towards the base of the Reda 
Member; inside the member, however, the record of 
redeposition is surprisingly sparse and represented 
by single intercalations of massive to cross-laminated 
calcisiltites occurring in two microfacies varieties 
(facies Da and Db).

In the first variety (Da), the bulk composition 
of a single bed seems to be compositionally equal 
with the virtually averaged bulk material of the Reda 
facies content (A, B, C, M); hence, it is interpreted 
as bottom material reworked by the traction turbid-
ity current (turbidite). The facies contain individual 
sparoids, ‘rigid’ calcite flakes, as well as sparoid ag-
glomerations (flocs, chains, encirclements), which 
confirms the complex pre-diagenetic composition 
of the original sediment, corresponding to that rec-
ognised in the laminated facies record.

The second variety (Db) of pure calcisiltites 
(graded or cross-laminated) is strongly depleted in 
lithogenic grains, which are additionally overrepre-
sented by dolomite and mica. Distinct quartz deple-
tion suggests that such detrital material is mainly of 
eolian origin. The presence of abundant vase-shaped 
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microfossils (interpreted as tintinnids) is regarded as 
microzooplankton associated with marine snow (see 
e.g., Lampitt et al. 1993). Similar fossils are very rare 
and poorly preserved in the laminated facies, which 
indicates the relatively rapid replacement and deposi-
tion of carbonate material in facies Db.

Given the anomalous enrichment in well-preser
ved organised sparoids (chains, encirclements), eolian 
related detrital component and specific fossils, variety 
Db is regarded as having been formed by vertical 
hyperpycnal flows, generated by the downwelling of 
a whiting-related surface water plume (surface neph-
eloid layer). Formation by similar vertical flows is 
recognized in the case of carbonate platform margins 
(Wilson and Roberts 1992) and as a consequence of 
the deposition of fine pyroclastic material on the wa-
ter surface (Manville and Wilson 2004).

Low efficiencies of organic matter burial and 
possible methanogenesis traces

The euxinic conditions postulated above and the 
high organic matter influx to the bottom sediment by 
its deposition as marine snow contrast with the very 
low content of OM in the Reda rocks, observed also 
beside sparoid laminae – where the dilution effect is 
expected. Moreover, the laminated facies preserves 
separate red clay laminae (which results in the red 
hue of the Reda facies), with horizontally occurring 
oxidized pyrite framboids, which indicates that the 
OM content during diagenesis was not sufficient for 
the retention of reductive conditions around concen-
trated oxide compounds in the sediment.

Middelburg et al. 1993 postulates that the OM 
burial efficiencies are similar in oxic and anoxic sed-
imentary conditions and mostly depends on the bulk 
sediment accumulation rate i.e. time of exposure of 
the OM to bottom surface processes. For example, 
despite the euxinic conditions, the OM burial effi-
ciency in the Black Sea is similar to that of oxygen-
ated environments in similar settings (Calvert et al. 
1991; Calvert and Karlin 1998). The pronounced de-
crease of the OM content observed across the upper 
few centimetres of the bottom sediments of the Black 
Sea (Calvert et al. 1991, fig. 2) is related to the hy-
draulic sorting of the OM in the fluff layer, which 
reduces potential OM incorporation into the final 
sediment. The prolonged residence of the OM parti-
cles in the bottom-related flocculent layer favours its 
intensive anoxygenic degradation by methanogenesis 
and sulfate reduction (Jannasch 1991; Pilskaln and 
Pike 2001), hence strongly reducing the potential OM 
burial rate. In a similar way, the observed final OM-

depletion in the Reda facies is interpreted as having 
been caused by intense anaerobic OM decomposition 
operating for instance inside the benthic flocculent 
layer.

The CO2, which is the by-product of methano-
genesis, is expected to cause acidification leading 
to carbonate dissolution (the “methanogenic carbon-
ates” paradoxically are formed as a result of meth-
anotrophy – not methanogenesis). The local traces 
of partial dissolution along sub-vertical pore system 
paths (facies Db, single thick laminae in facies A–B; 
Text-fig. 11) are interpreted as possible effects of 
vertical migration of dissolved methanogenic CO2 
along the primary porosity. Because the structures 
concern individual layers or laminae formed by rapid 
sedimentation (facies Db), they are interpreted as 
forming inside the surface sediment layer, probably 
immediately after deposition with burial of the meth-
anogenic ‘benthic flocculent layer’. The laminated 
facies shows in general only rare signs of similar 
dissolution, or fluid migration, which is in line with 
the localization of OM-degradation (methanogenesis) 
mainly in the surface sediment fluff layer.

The dissolution related porosity is followed by 
precipitation of the secondary, anhedral, neomorphic 
dolomite cement (Text-fig. 11, see also: Text-fig. 6C, 
H). The cement is regarded as possibly representing 
early diagenetic dolomite formation in a methano-
genic marine environment (Irwin et al. 1977; Meister 
et al. 2011 and references therein). Marine bacterial 
methanogenesis by CO2 reduction causes strong ki-
netic fractionation (Alperin et al. 1992; Botz et al.; 
1996; Claypool and Kaplan 1974), hence the dissolved 
CO2 (returned to the DIC reservoir), formed as a 
by-product of methanogenesis, is strongly enriched in 
13C (Meister et al. 2019). However, the samples con-
taining anhedral dolomite cement do not show signifi-
cant or consistent δ13C enrichment, which would have 
confirmed such an origin; however, the relatively low 
cement contribution and the generally heavy δ13C sig-
natures of the host calcisiltite may strongly suppress 
such a signature. The isotopic identification of the 
component is also hindered by the co-occurrence of 
detrital dolomite with relatively low δ13C values.

DISCUSSION

Origin of the carbon isotope record of the Reda 
Member carbonates

One of the widely reported features of the early 
Palaeozoic CIEs is the declining amplitude of the 
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carbon isotope anomaly towards offshore areas (e.g. 
LaPorte et al. 2009; Loydell 2007; Munnecke et al. 
2003; Noble et al. 2012). In this context, the few 
studied pelagic sections, representing the deep-water 
Ockerkalk facies of Sardinia and the Carnic Alps 
(Jeppsson et al. 2012) do not record the mid-Ludfor-
dian CIE in the carbonate component. On the other 
hand, Underwood et al. (1997) as well as Melchin and 
Holmden (2006a) recognised that the Hirnantian–
Llandovery CIEs are recorded even in the undoubt-
edly oceanic succession of the Dob’s Linn section 
(Scotland), however only in the surface-related or-
ganic-matter carrier (see also Noble et al. 2012).

Because the carbonate components are commonly 
formed in a seafloor (benthic) related environment, 
the offshore declining amplitude of the CIE in car-
bonates probably reveals a vertical, depth-related 13C 
decrease of the Dissolved Inorganic Carbon (DIC) 
reservoir. The very high amplitude of the mid-Lud-
fordian CIE in the pelagic,  deep-water carbonates 
of the Reda Member (identical with the carbonate re-
cord of the littoral part of the basin), seems surprising 
and has two possible explanations.

The first possibility is the authigenic, early dia-
genetic origin of the high δ13C values, detached from 
the shallow water CIE record. In this scenario the 
Reda Member carbonates would be formed by ben-
thic authigenic precipitation in a methanogenic en-
vironment (seafloor, ‘fluff layer’ or shallow burial), 
with a dominant contribution of the DIC created in 
situ by dissolution of 13C-enriched CO2, originating 
as a by-product of methanogenesis. Such an interpre-
tation is problematic, firstly because of the wide and 
varied spectrum of textures and grains described in 
this paper, which refer to the endogenic-sedimentary 
nature of the sparoids, with a parallel lack of textures 
typical of seafloor precipitation. The hypothetical au-
thigenic sparoid formation in a methanogenic envi-
ronment is also implausible for a few general reasons.

The 13C-enriched methanogenic carbonates are 
formed in Mg-rich (marine related) but sulfate de-
pleted (below the sulfate reduction zone) conditions, 
which results in the high activity of the Mg2+ ion 
and predominant dolomite mineralogy (Meister et 
al. 2011), whereas the Reda Member is preferentially 
composed of calcite. Moreover, methanogenic car-
bonates need spatial detachment between the low-pH 
methanogenic sub-environment and alkaline condi-
tions needed for carbonate formation, hence in gen-
eral they are associated with a burial diagenetic en-
vironment (Bojanowski 2014; Kelts and McKenzie 
1982), and not with the sediment-water interface 
(fluff layer). CO2 acidification needs to be neutral-

ized by a rich source of alkalinity, such as weath-
ering of the deeper methanogenic sediment section 
(Wallmann et al. 2008), rich in reactive silicate min-
erals. Hence, formation of methanogenic dolomites 
would be caused by the prolonged sedimentation of 
OM-rich anoxic sediments, but not short-lived anoxic 
event conditions. The efficient in situ alkalinity gen-
eration by silicate weathering should additionally re-
sult in the formation of residual authigenic minerals 
(kaolinite, silica), which are not observed in the Reda 
Member nor in the underlying rocks.

The sub-vertical traces of calcite dissolution, suc-
ceeded by the formation of scarce dolomite cement in 
secondary porosity, observed locally in microfacies 
Db, are interpreted as possible traces of methanogen-
esis related to the processes discussed above (with al-
kalinity obtained from calcite dissolution). However, 
the samples containing dolomite cement show simi-
lar δ13C values to the adjacent cement-free samples, 
which indicates that the potential contribution of in 
situ generated methanogenic 13CO2 was subordi-
nate (and concurrent) in relation to the pronounced, 
positive δ13C values in the calcite background. The 
association of the structures with the rapidly depos-
ited sediments of microfacies Db is in line with the 
surface ‘fluff layer’ as a focal point of methanogenic 
OM remineralization.

The second (preferred) explanation of the pro-
nounced CIE in the basin axis is in line with the 
endogenic formation of calcite (see Kozlowski 2015). 
In this variant, sparoids (in similarity to OM), record 
high δ13C values of DIC in the epipelagic layer. An 
identical record of the CIE in both epipelagic and 
shallow-water, benthic-littoral carbonates implies the 
widespread lateral unification of the sea-surface DIC 
reservoir. In contrast, the benthic, offshore (sub-lito-
ral) carbonates in the same basin, record (as reviewed 
in Kozłowski and Sobień 2012) the depth-related 
CIE-decline of the benthic-bioclastic component, 
with a minimum CIE amplitude at the carbonate plat-
form edge (e.g. +5.02‰ in the Milaičiai-103 section; 
Spiridonov et al. 2017).

It has been proposed (Kozłowski 2015) that the 
strong 13C enrichment of the epipelagic layer in epeiric 
basins during the Lau event would be formed in result 
of concurrent: (1) residual effect of the effective biolog-
ical pump due to dust-fertilized surface algal blooms; 
(2) preferential 12CO2 degassing due to evaporation 
and carbonate precipitation in carbonate platform 
tops (and/or epipelagic zone); and (3) eolian-driven 
(high N/P ratio) upper water-column methanogenesis 
(Kozłowski and Sobień 2012; see also Beversdorf et 
al. 2010; Carini et al. 2014; Karl et al. 2008), causing 



	 SILURIAN LAU EVENT IN THE AXIS OF THE BALTIC BASIN	 557

residual net 13C-enrichment of DIC, due to the loss of 
the 12C-enriched CH4 to the atmosphere.

The eventual contribution of methanogenic 13CO2 
derived from concurrent methanogenic decomposi-
tion of OM operating in the benthic flocculent layer, 
is rather improbable, due to the expected parallel ox-
idation of the 12C-enriched coproduced methane in 
the water column, without any net isotopic effect. 
The recently reported euxinic condition in the Baltic-
Podolian Basin (Bowman et al. 2019; Kozłowski 
2015; and this paper) additionally point to basin 
stratification during the event. The limited mixing 
between the surface and deep water DIC reservoirs 
would have also strongly amplified the depth-related 
δ13C gradient formed by the sea-surface related pro-
cesses.

The local temporal deep-water 12C sequestration, 
as well as loss of local sea surface-related 12C as 
CO2 and CH4 (Kozłowski 2015), operating in such 
stratified epicontinental basins as the Baltic-Podolian 
Basin, are an alternative for the initial explanation of 
the early Palaeozoic CIEs by enhanced global burial 
of organic carbon in the deep ocean (Brenchley et al. 
1994; Kump and Arthur 1999; Wenzel and Joachimski 
1996). The global burial model is not supported by 
OM enrichment in the deep shelf and the oceanic 
rock record (Farkaš et al. 2016; Melchin and Holmden 
2006a; Munnecke et al. 2010; Munnecke et al. 2003; 
Noble et al. 2012). Moreover, global carbon seques-
tration in sediments does not fit the rapid decline of 
the CIE toward the pre-event plateau level and later-
ally various CIE amplitudes. In this context, anoxy-
genic OM decomposition combined with local strong 
basin stratification solves the problem of the lack 
of organic carbon enrichment in the mid-Ludfordian 
sedimentary rocks (see Munnecke et al. 2003), with 
12C temporary sequestered as DIC in the deep-water 
reservoir in the stratified basins, or exported to the 
atmosphere in the form of CO2 and methane. The 
later fate of such exported 12C-enriched carbon (af-
ter oxidation) would be its recurrent solution in the 
ocean; however this would be preferentially localised 
in cold-water areas with a negative ocean-atmosphere 
pCO2 gradient (e.g. high latitude areas where Silurian 
CIE’s are not observed).

It is important to note that the short-lived strati-
fication of the epicontinental seas did not cause the 
nutrient depletion negative feedback, particularly 
in the abundance of eolian dust fertilization, which 
led to high N/P conditions, which are favourable for 
sea-surface methanogenesis (Beversdorf et al. 2010; 
Carini et al. 2014; Karl et al. 2008).

Another (local) factor influencing (negatively) 

the bulk-rock CIE amplitude in the bulk-rock re-
cord in the studied basin is the land-derived detrital 
(older) dolomite, with flat-low δ13C values across the 
CIE (Kozłowski 2015). It may be expected that this 
component should be winnowed from the proximal 
high-energetic littoral zone (with its minor influ-
ence on the high CIE amplitude) to the periplatform 
setting, where its preferential deposition maximum, 
concurrent with low δ13C values of the deeper, ben-
thic, sub-littoral carbonate component, would cause 
substantial suppressing of the CIE amplitude of the 
carbonate platform margin facies (+5.02‰ in the 
Milaičiai-103 borehole section – Spiridonov et al. 
2017; +6.74‰ in the Mielnik IG-1 borehole section 
– Kozłowski and Sobień 2012). Assuming the eolian 
origin of the dolomite component, its contribution 
should decrease toward the basin axis, which coupled 
with the diminishing of the benthic carbonate com-
ponent and the overwhelming domination of sparoid 
calcite, recording a clear sea-surface related high CIE 
amplitude.

The problem of sparoids: is endogenic carbonate 
precipitation present in recent seawater?

Endogenic carbonates are commonly observed in 
recent  fresh-, hard- water reservoirs of lacustrine and 
karst environments. In contrast, carbonate suspen-
soids are not recognised as typical and widespread 
components of the marine carbonate rock record and 
in recent marine deposits. Despite the fact that the 
recent surface ocean is highly supersaturated with 
respect to calcite (Ω = 4.8) and aragonite (Ω = 3.2; 
e.g., Ridgwell and Zeebe 2005), spontaneous ‘che-
mogenic’ precipitation directly from seawater is not 
observed. Nucleation and further crystal growth of 
carbonate minerals is strongly limited by the low 
activity of the carbonate ion, cation hydratation, for-
mation of highly soluble ion pairs (e.g., Na2CO3

0), 
the presence of foreign ions (e.g., Mg2+, SO4

2-) and 
organic compound coatings around potential nucle-
ation sites (for review see e.g., Nielsen et al. 2016; 
Troy et al. 1997; Wright and Oren 2005 and refer-
ences therein). Inhibitor effects result in each marine 
carbonate precipitation process in the recent ocean 
needing an additional local increase of carbonate sat-
uration or biomediation (e.g. Morita 1980; Wright and 
Oren 2005; Yates and Robbins 2001 and references 
therein). Bioinduced precipitation may occur as the 
result of the rapid sink of CO2 in photosynthesis (e.g. 
Yates and Robbins 1998; Thompson 2000) and may 
be present in the surface ocean, especially due to 
massive picoplankton blooms (e.g. Long et al. 2017).
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In this context, the origin of marine ‘whitings’ 
(drifting clouds of milky carbonate mud suspended 
in water) is a topic of long-lived discussion, with 
the presentation of strong arguments both for ‘direct 
chemogenic or bioinduced precipitation’ (Morse and 
He 1993; Robbins and Blackwelder 1992; Robbins 
et al. 1997; Thompson et al. 1997; Wells and Illing 
1964) or the ‘resuspension’ nature of the phenomenon 
(Broecker et al. 2000; Morse et al. 2003; Morse et 
al. 1984; see discussion in Shinn et al. 1989). Recent 
whitings are observed mostly in shallow-littoral 
top-bank water masses (Florida, Bahama), where 
the resuspension mechanism may be important or 
dominant. However, in the case of the Persian Gulf, 
whitings occur in the deeper ramp setting (Wells and 
Illing 1964) and are related to combined enhanced 
carbonate saturation (due to evaporation) and mas-
sive carbon dioxide consumption by phytoplankton 
during algal (diatom) blooms (Wells and Illing 1964), 
which in turn may be induced by iron-bearing eolian 
dust (see Kendall and Alsharhan 2011; Nezlin et al. 
2010). Such a case shows that the tropical, eolian 
fertilized, mediterranean (foreland basin) seas, with 
strong evaporation and high carbonate saturation are 
favourable for bio-induced carbonate suspensoid for-
mation in the water column.

Less concentrated, but widespread bioinduced 
microbial carbonate precipitation occurs also in the 
proper pelagic realm. Recently, Heldal et al. (2012) 
noted heterogeneous calcite precipitates with shapes 
characteristic of bacterial precipitation, as well as 
surface-water formed ‘calcite rafts’ (!) in a few lo-
calities in the Mediterranean Sea, the Norwegian Sea 
and the North Atlantic Ocean. Such findings suggest 
that carbonate suspensoids may be widespread, but 
the mass abundance of coccolithophores and fora-
minifera in the recent ocean, causes extreme dilu-
tion of potential non-skeletal, epipelagic carbonate 
components in the sediment. Moreover, the effec-
tive discharge of carbonate saturation by bio-skeletal 
grain production in recent pelagic environments, ef-
fectively stabilises carbonate saturation at a relatively 
low level (Ridgwell 2005), which is not conducive 
for competitive microbially bioinduced precipitation. 
Thus, such precipitation more commonly appears in 
restricted marine environments (see below), where 
competitive skeletal calcifiers are absent (see e.g., 
Davis et al. 1995; Dix 2001; Glenn et al. 1995).

The carbonate suspensoids appear most abun-
dantly in semi-isolated marine anoxic stratified ba-
sins (Degens and Stoffers 1976). In the recent anoxic 
fjords and marine lakes (filled with marine water), 
the effects of the absence (or limited presence) of 

skeletal calcifiers concur with the effective produc-
tion of additional alkalinity by anaerobic degradation 
of OM, coupled with sulfate reduction and pyrite 
formation (Black 1933; Kempe 1990; Kempe and 
Kaźmierczak 1994; Lalou 1957).

In the Framvaren Fjord (Noway), the excess of 
alkalinity produced by sulfate reduction (Yao and 
Millero 1995), coupled with diminishing of sulfate 
inhibition (Nielsen et al. 2016), results in chemo-
genic (possibly bioinduced) endogenic carbonates 
(Anderson et al. 1987; Müller 2001). Calcite crystals 
identified in both sediment trap and bottom sediments 
are up to 100 µm in size and resemble the suspensoids 
noted from modern lacustrine environments.

Also in the case of the karstic Mediterranean ma-
rine lakes (infilled by marine water), the alkalin-
ity enhanced by bottom anoxic conditions results in 
massive surface carbonate precipitation (calcite or 
aragonite) triggered by nanophytoplankton [(Etoliko 
Lagoon – (Koutsodendris et al. 2015); Lake Butrint 
– (Ariztegui et al. 2010); Mljet Island lakes – (Sondi 
and Juračić 2010); Zmajewo Oko – (Bakran-Petricioli 
et al. 1998)].

In the case of the deep Black Sea basin, alka-
linity generated by sulfate reduction causes a 1.6 
times higher level in comparison with the surface of 
the global ocean (Goyet et al. 1991), however it is 
consumed today mainly by coccolithophores [recent 
euxinic Black Sea sediments contain also some ad-
mixture of carbonate suspensoids (“Weizenkorn” of 
Müller and Blaschke 1969]. However, subfossil Black 
Sea sediments, dated at 11,400 and 8,400 years BP 
(Major et al. 2002), which formed during glacial iso-
lation and the absence of coccolithophore plankton, 
are entirely composed of carbonate suspensoids ar-
ranged in laminated carbonate muds, very similar 
to the Reda Member facies. The subfossil carbonate 
layers in the Black Sea are composed of euhedral, 
silt-sized calcite crystals (Stoffers and Müller 1978). 
They are interpreted as being precipitated in the water 
column from high phytoplankton activity (Bahr et al. 
2005). It is important to note, that the carbonates show 
also a distinct, positive carbon and oxygen isotope 
shift (fig. 5 in Bahr et al. 2005), in this case, however, 
unrelated to the global carbon cycle or event. This 
shows the high autogenous potential for epipelagic 
massive carbonate precipitation in the formation of a 
detached (or eventually globally synchronised) CIE.

A similar massive pelagic carbonate precipitation 
is also recognised in the post-glacial marine ingres-
sion in the Sea of Marmara (Reichel and Halbach 
2007). This marine (moreover calcite) scenario is at-
tributed to the post-glacial transition from lacustrine 
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to marine conditions and explained by the contact 
of anoxic deep lacustrine (re-connected Black Sea) 
water with surface oxic marine Mediterranean Sea 
water.

Silurian ocean and anoxic events: more 
favourable conditions for sparoid formation?

In the modern ocean, the circumstances presented 
above, favourable for endogenic carbonate formation, 
are met in specific, often restricted environments. 
However the different ion-composition, biology, as 
well as different oxic-state, of the early Palaeozoic 
oceans, would allow for the more common formation 
of epipelagic, endogenic calcite.

The high concentration of magnesium and sulfate 
ions in recent seawater inhibits calcite growth and 
causes the small maximum dimensions of calcite crys-
tals (Berner 1975; De Groot and Duyvis 1966; Folk 
1974; Mucci and Morse 1983; Tribble and Mackenzie 
1998; Wollast et al. 1980). In contrast, the Silurian 
ocean, containing low concentrations of magnesium 
and sulfates (Arvidson et al. 2006; Lowenstein et 
al. 2003; Lowenstein et al. 2001), could have pro-
moted inorganic/bioinduced carbonate precipitation 
(Arvidson et al. 2014; Berner and Mackenzie 2011; 
Riding 1982) and could have allowed for the more 
common formation of calcite suspensoids. Lee and 
Morse (2010) have experimentally shown that in re-
constructed ambient “Cretaceous” seawater (similar 
in composition to Silurian seawater), common spon-
taneous inorganic carbonate nucleation and precipita-
tion may have been possible. Berner and Mackenzie 
(2011) calculated a large difference between the 
burial flux and the preservation flux of sedimen-
tary carbonates in Palaeozoic times and postulated an 
original high amount of Palaeozoic deep-sea carbon-
ates (subsequently destroyed by subduction), prob-
ably non-skeletal in nature. Concurrently, pelagic 
skeletal carbonate production, competitive with bio-
induced/inorganic endogenic carbonate formation, 
was probably very limited in the early Palaeozoic 
‘Neritian’ ocean mode (Zeebe and Westbroek 2003). 
The short event of ‘Neritian’ conditions at the K/T 
boundary (large calcified nanoplankton crisis) results 
in the appearance of ‘non-biogenic’ carbonate grains 
in the pelagic record of the Bidart section, reported 
by Minoletti et al. (2005). A similar Cretaceous ‘mi-
carbs’ component, recorded in pelagic limestones, at 
least in part may represent fossil carbonate suspen-
soids (Beltran et al. 2009).

Favourable global circumstances for endogenic 
carbonate formation would have been additionally 

intensified during Silurian anoxic events. During 
the Lau event, globally widespread (but possibly de-
tached) carbonate hipersaturation conditions could 
have been achieved by concurrent (see Kozłowski 
2015 and references therein): (1) intense carbonate 
dissolution in emerged carbonate platform areas, (2) 
deep ocean dissolution of eolian carbonate dust, (3) 
intense sink of CO2 by phytoplankton blooms driven 
by eolian dust fertilization, (4) massive pyrite for-
mation (sulfate-bicarbonate charge transfer), and (5) 
depletions in calcite precipitation inhibitors (sulfate 
reduction; dolomitization-related magnesium sink).

Most of the previously noted, possibly pelagic 
carbonate precipitates in the rock record suggest 
their preferential formation in stratified anoxic ba-
sins, where additional alkalinity would be generated. 
The closest case of the reported mass occurrence of 
fossil calcite suspensoids is in the upper Permian 
(Zechstein) Marl Slate, where calcite rhombohedra 
are interpreted as suspensoids co-occurring with do-
lomite silt in the anoxic-euxinic facies (Sweeney et 
al. 1987; unfortunately, the grains and facies are not 
illustrated). Epipelagic, microbially-induced carbon-
ate precipitation in the latest Permian anoxic seas 
was recently reported by Wu et al. (2014; 2016). The 
described forms of calcite bear morphological sim-
ilarity to the sparoid chains and are interpreted as 
fossil casts formed by the planktic cyanobacterium 
Microcystis that commonly forms blooms in modern 
lakes, rivers, and reservoirs. Massive accumulation 
of calcite ‘microspheroids’ produced by cyanobacte-
ria in the water column of the anoxic Cenomanian–
Turonian basin (OAE2) is also postulated in the case 
of the Indidura Formation in Sierra de Parras in 
Mexico (Duque-Botero and Florentin 2008).

The above presented cases indicate that the Baltic-
Podolian sea in the time of the Lau event had excep-
tionally favourable conditions for endogenic carbon-
ate formation in the epipelagic setting. The Silurian 
sea-water ionic composition (calcite sea), lack of pe-
lagic skeletal carbonate production (‘Neritian’ ocean) 
and enhanced carbonate saturation (global Lau event) 
were superimposed on favourable palaeogeography, 
comparable with the recent setting of the Persian 
Gulf whitings [tropical, eolian-fertilized, mediterra-
nean sea (foreland basin), with enhanced evapora-
tion]. Hence, the record of the mid-Ludfordian event 
in the Baltic-Podolian Basin was probably strongly 
amplified by local conducive circumstances. The re-
sult is that the common interpretation of the Baltic 
Basin record as representative of the global ocean 
during the mid-Ludfordian event needs be carried out 
with greater caution.
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CONCLUSIONS

•	 In the axial part of the Baltic-Podolian Basin, the 
Lau/kozlowski extinction level is immediately 
succeeded by the Reda Member, formed of endog-
enic carbonate suspensoids. The carbonate facies 
anomaly precisely coincides with the pronounced, 
globally recognised, mid-Ludfordian CIE.

•	 The occurrence of sparoid facies in the Pasłęk 
IG-1 borehole section indicates that the formation 
of endogenic carbonate during the event was not 
limited to the spreading of water bodies over the 
carbonate platform (platform-top to periplatform 
whitings; Kozłowski 2015), but occurred also in 
the strictly pelagic realm. As a result, the Reda 
Member is recognised as probably one of the old-
est cases of undoubted (but nontypical) pelagic 
carbonates in Earth’s history.

•	 The detrital and endogenic (carbonate) grains in 
the basin axis are preferentially incorporated into 
rock-forming organic-mineral aggregates, inter-
preted as marine snow. The common incorpora-
tion of dolomite into marine snow is in line with 
its presence in the upper water column, which sup-
ports an earlier postulated, eolian derivation of 
dolomite from the emerged carbonate platform top 
(during the mid-Ludfordian lowstand). Periodical 
accumulations of marine snow were probably 
caused by phytoplankton blooms induced by eo-
lian fertilization.

•	 The record of pyrite framboids indicates that eu-
xinic conditions began a few meters below and 
disappeared with the end of the Reda Member 
carbonate anomaly. The euxinic event in the entire 
Baltic-Podolian Basin is thus coincident with the 
mid-Ludfordian facies-isotope anomaly.

•	 The specific pinch and swell, varve-like lamina-
tion is interpreted to be the result of the hydrau-
lic sorting effect by the ‘benthic flocculent layer’, 
whose presence is expected in the high OM flux 
regime. The presence of such a layer is also ex-
pected due to the low TOC of the Reda Member 
rocks, most probably resulting from anoxygenic 
(?methanogenic) decomposition of OM inside the 
‘fluff layer’.

•	 The CIE in the Pasłęk IG-1 borehole section does 
not fit in the paradigm of the offshore decline 
of the CIE magnitude in the carbonate compo-
nent. The pronounced CIE amplitude in the Reda 
Member is comparable with that of the the proxi-
mal carbonate platform record. It is proposed that 
the basinward CIE decline is not a function of 
distance to the shoreline, but depends on the abso-

lute depth of carbonate formation, and in this case 
the Reda Member sparoids were formed in the 
epipelagic, surface layer (photic zone) of the basin. 
Such a model is consistent with the surface related 
nature of carbon isotope fractionation processes 
operating during the mid-Ludfordian CIE (OM-
formation in phytoplankton blooms, CO2-kinetic 
degassing, surface layer methanogenesis).

•	 The high amplitude of the Mid-Ludfordian CIE in 
the Baltic-Podolian Basin was probably strongly 
amplified by the basin stratification, with a high 
δ13C gradient between the surface and deep water 
DIC reservoirs. It is not clear if the processes op-
erated only on a local scale or are part of a global 
scenario. The very high amplitude noted in the pe-
lagic facies in the axial part of the Baltic-Podolian 
Basin does not support the simple weathering hy-
pothesis (Kump et al. 1999; Melchin and Holmden 
2006b) of CIE formation. However, increased 
weathering would cause a massive supply of nu-
trients and carbonate dust, indirectly as well as di-
rectly (carbonate dissolution) increasing carbonate 
saturation. The observed CIE record in the stud-
ied basin also does not support the “circulation 
changes model” (Bickert et al. 1997) between the 
shelf and oceanic realm, suggesting rather local 
stagnation confirmed by the local development of 
euxinic conditions in the mediterranean semi-iso-
lated basin. The nutrient depletion problem (par-
adox), which is often regarded as a limiting fac-
tor for persistent anoxia in stratified conditions, 
would be resolved in enhanced eolian fertilization 
conditions, which would lead to enhanced primary 
production with a concurrent high N/P nutrient ra-
tio regime, favourable for surface methanogenesis.

•	 The Reda Member was deposited under the addi-
tionally positive influence of a special local pa-
laeogeography (mediterranean sea), in analogy to 
the recent Persian Gulf. In the Gulf limited circu-
lation with the open ocean; the local presence of 
emerged carbonate platforms as a source of dust 
and bicarbonates and enhanced evaporation due 
to the low latitude situation results in the presence 
of pelagic whitings. The partial separation of the 
Baltic-Podolian Basin would result not only in its 
having a peculiar facies record, but also in ampli-
fication of the CIE amplitude.

•	 The Baltic-Podolian sea, as a typical foreland 
basin, had characteristic facies (sparoid pelagic 
carbonates) and characteristic redox conditions 
(euxinia). The possibility of the formation of 
ocean-detached positive carbon isotope anoma-
lies in semi-enclosed anoxic basins (Bahr et al. 
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2005; Birgel et al. 2015; Giddings and Wallace 
2009; Peryt et al. 2012) does not explain the syn-
chronicity of the mid-Ludfordian CIE in the shelf 
successions of other palaeocontinents (Jeppsson 
et al. 2012; Jeppsson et al. 2007; Lehnert et al. 
2007; Loydell and Frýda 2011). Hence, it may be 
speculated that the mid-Ludfordian CIE/facies 
event in the Baltic-Podolian sea could have had 
one or more of a number of global triggers (such 
as short-lived glaciations, dustiness, sea-level fall, 
ocean stratification, carbonate hipersaturation, 
formation of anoxic conditions), but was strongly 
amplified by local conducive circumstances.
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